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The development of the proton exchange membrane fuel cell (PEMFC) has been an 
intense research area of which the goal is clear: to ensure a long service life without 
compromising performance (power density) and stable energy output at elevated 
temperatures (70-120oC) so as to meet the demands of commercialization. Since the 
application of traditional PEM (Nafion) was constrained by the operation temperature 
(below 80oC) and relative humidity (RH) level (above 80%), the current focus of 
membrane research is the pursuit of high proton conductivity at elevated temperatures 
with less reliance on water. Four types of special nanofillers were developed in this 
thesis with the aim of enhancing proton transport of Nafion. The fillers are: 
oligomeric poly (p-phenylene terephthalamide) (PPTA) nanoflakes and poly (p-
phenylene-2, 5, diacetoxy) (POAc) nanorods, sulfonated highly porous carbon 
nanospheres (sPCNs) and hollow polymeric nanospheres (HPSs) bearing different 
functional groups. They were assimilated into the Nafion matrix by means of solution 
dispersion and casting. The elaboration of physicochemical mechanisms behind the 
electrochemical behaviours, thermal/mechanical properties in the composite matrix 
constitutes the major part of this thesis. The main accomplishments of this thesis are 
highlighted below. 
 
Oligomeric PPTA Nanoflakes (about 20nm) were designed first. A low dose of such 
nanoflakes in the Nafion matrix causes a reduction in glass transition temperature and 
an increase in storage modulus of membrane due to the adsorption of Nafion 
molecules to PPTA nanoflakes. The contacts between the –SO3H groups of Nafion 
vi 
and PPTA nanoflakes constitute an alternative proton transfer channel that is less 
reliant on moisture levels. The 2% PPTA modified matrix sustains a power density of 
450 mw/cm2 at 70oC in a dry gas operated single H2 PEM fuel cell (H2-PEMFC), 
much greater than what a pristine Nafion and Nafion-112 membrane would confer. 
 
The oligomeric POAc rigid rod was synthesized as the second type of filler. Both of 
the acetyl side groups and the pi-system of POAc became acceptors of protons. 
Thereby, the side-chain -SO3H groups of Nafion molecules attached to POAc rods, 
creating an alternative proton transport channel. This association also led to a physical 
cross-linking network. It was supported by the variation of glass transition 
temperature of Nafion with the increase in POAc content, the UV-vis spectroscopic 
study of diluted colloidal system, the morphology of composite matrix as well as the 
fusion behaviour of matrix-bound water. The composite membrane with 1 wt% POAc 
loading resulted in the highest proton conductivity and the superior power density 
(512 mw/cm2 at 70oC) over the pristine Nafion membrane in the single H2-PEMFC 
operated by dry H2.  
 
With respect to the third type of filler, highly porous sulfonated carbon nanospheres 
(sPCNs) were prepared from polypyrrole through pyrolysis, alkaline etching and 
sulfonation. The adsorption of Nafion molecules to the sPCNs generated a physical 
crosslinking network, which includes free Nafion molecules. As a result, a semi-
interpenetrating network (sIPN) was accomplished. However, the sIPN was gradually 
replaced by a random assembly of Nafion-wrapped sPCN granules with raising the 
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sPCN loading to 2wt%. The presence of free Nafion molecules in sIPN is critical to 
proton transfer. The porous scaffold of sPCN (1300 m2/g) is essential to promote 
water-capture and proton transport at elevated temperatures. The composite 
membrane with 1 wt% sPCN loading could sustain a power-density of 571 mW/cm2 
in a dry gas operated H2-PEMFC at 70oC, much greater than that of the pristine 
Nafion membrane.  
 
Finally, the hydrophilic hollow polymeric nanospheres (HPSs) carrying sulfonic acid 
groups or the carboxylic acid groups were synthesized using silica sub-microsphere as 
template. These HPSs are promising candidates because the hollow cavities act as 
micro water reservoir and the hydrophilic polymeric largely promotes proton hoping 
rate. With the exception of these two prominent effects, the adsorption of –SO3H 
groups of Nafion on HPSs also improved water preservation at elevated temperatures. 
The substantially low density of HPSs rendered HPSs a very high volume fraction. A 
loading of 0.2 wt% provided a surface area more than needed for accepting the 
sulfonic acid groups of Nafion. As a result, the composite matrix also contained HPSs 
free of adsorption, which contributed continuous proton transport channels. This 
chapter also scrutinized the freezable bound water and free water in the composite 
matrix by using DSC. The trend observed is coherent with ion-exchange capacity, 
proton-conductivity, water retention capability and single H2-PEMFC power density. 
The composite membrane with 0.5 wt% sHPS loading could give a power-density of 
525 mW/cm2 in a dry gas operated H2-PEMFC at 70oC, much greater than that of the 
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CHAPTER 1 INTRODUCTION 
 
1.1 General background 
 
Among the various forms of energy, electrical energy has the greatest versatility 
because of its ease of transformation into other forms of energy such as heat, light and 
mechanical energy. As society becomes increasingly more dependent on electricity, 
the need must be matched by progress in the development of systems capable of 
generating and storing this energy form directly or indirectly. A fuel cell is an 
electrochemical device that converts the energy in the reaction between a fuel (e.g. 
hydrogen) and oxygen into electricity with minimal heat generation (combustion). It 
is endowed with some highly desirable properties: high energy density; high energy 
conversion efficiency and a quiet operation. Fuel cells have been used for stationary 
power generation as well as for mobile power generation to power cars, trucks, and 
buses. Research and development on fuel cells have been ongoing ever since the first 




Proton exchange membrane fuel cell (PEMFC) is one of the most promising options 
for fuel cells due to the high power density, relatively quick start-up, rapid response to 
varying loads, as well as low operating temperatures provided.  It has been developed 
for transportation applications, as well as for personal devices and stationary 
applications (Gottesfeld et al., 1997). In principle, PEMFC is classified into two 
subcategories according to fuel-supply: Hydrogen Fuel cell (H2-PEMFC) and fuel cell 
 2 
driven by methanol (direct methanol fuel cell DMFC) or ethanol. For both types, a 
proton exchange membrane (or PEM) is the critical part to ensure high performance 
which requires the following properties: high ionic conductivity, zero electronic 
conductivity, a substantially low gas permeability, dimensional stability, high 
mechanical toughness, and low transference of water by conducting ions, high 
resistance to thermal degradation, as well as chemical stability to oxidation and 
hydrolysis. The rated power density of the PEMFC is nowadays 0.7 W.cm-2 and 
higher, depending on operating conditions (Nedstack.com).  
 
Currently, sulfonated perfluoropolymers (SPFP) membranes, which are composed of 
branched perfluoro chains containing sulfonic acid groups at the end of each side 
chains, have been most widely used in the PEMFCs. In particular, the benchmark 
Nafion membrane has been used due to its high proton conductivity (0.13 S/cm at 
75oC and 100% relative humidity [RH]), chemical stability and longevity (> 60 000 h) 
in a fuel cell environment (Devanathan R., 2008). However, the performance of 
Nafion depends very much on the presence of matrix water since the proton from the 
SO3H groups and subsequent proton transport depends on liquid water (Eikerling M. 
et al., 2003). It suffers from losing matrix water at low humidity which brings about a 
severe decrease in the performance of the PEMs. This constrains the operation 
temperature (below 80oC) and relative humidity level (above 80% RH). The need to 
externally manage water distribution in the membrane adds to the system volume, 
weight, complexity and cost (Yu J. et al., 2005).  
 
 3 
The design of novel membrane materials becomes important. Current membrane 
research is focused on the pursuit of high proton conductivity at elevated temperatures 
with less reliance on water. The focus has been put on making Nafion composite 
membranes and designing alternative non-fluorinated hydrocarbon membranes. For 
the fabrication of Nafion composite membrane, incorporation of nano-sized inorganic 
particles and many other materials into the host matrix has been an effective strategy 
to lessen the intrinsic structural drawbacks, such as weak moisture-keeping capability 
at elevated temperatures. At the same time, by changing the nature of the nanofillers 
and the processing conditions, some of the physical properties of pure Nafion such as 
mechanical, thermal, permeability, proton conductivity, etc. have been improved 
significantly. Although a significant amount of work has already been done on 
various aspects of Nafion-based composite membranes, much research still remains in 
order to understand the complex structure-property relationships in various 
nanocomposite membranes. Particularly, to find out the link between the Nafion 
semicrystalline morphology and the properties such as transport and 
thermomechanical properties, relevant to the use of this polymer electrolyte in fuel 
cells. The development of alternative non-fluorinated hydrocarbon membranes has 
also been intensive. For example, polymer blend membranes made by utilizing acid-
base complexation (Kerres J. A. et al., 2004 and Peighambardoust S. J. et al., 2010), 
such as the SPEEK/PBI blend, represent an attractive candidate. However, this thesis 
will only focused on the development of Nafion based composite membranes and 




1.2 Objectives and scope of this thesis 
 
This work is aimed at producing high performance PEMs for H2-PEMFC applications. 
A rational molecular design approach was used to produce products that combine high 
proton conductivity, zero electron conductivity, high chemical and thermal stability at 
elevated temperature and low humidity condition. The scope of work includes the 
design and synthesis of polymer systems; membrane fabrication; the evaluation of 
material properties important to fuel cell applications such as proton conductivity and 
fuel cell performance; and at the same time to explore the filler-matrix interaction 
through various methods such as colloidal, mechanical and thermal characterizations. 
 
Four types of special nanofillers were developed in this thesis with the aim of 
enhancing proton transport of Nafion. The first design was prompted by the interest 
for exploring an alternative proton conducting channel (PCC) in Nafion, which is less 
moisture dependent than those in the pristine Nafion. This design is therefore different 
from the pursuits of enhancing moisture retention capability of Nafion as reported in 
many previous publications (Santiago E. I. et al., 2009; Pereira F. et al., 2008 and 
Navarra M. A. et al., 2007).  
  
Typically, an amphiphilic filler, oligomeric poly (p-phenylene terephthalamide) 
(PPTA) having alternating phenylene and amide units besides its rigid chain structure 
was designed. Nano-flakes (about 20nm) of PPTA was formed through inter-
molecular hydrogen bonds between short PPTA chains, in which the associated amide 
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groups comprise a hydrophilic strip while the conjugation of benzenoid rings through 
the carbonyl groups forms a hydrophobic strand.  It was identified as a pi-filler, in 
which pi-electron conjugation between two adjacent benzene rings takes place through 
an amide bond. The dispersion of a low dose of the PPTA nanoflakes in the Nafion 
matrix causes a reduction in glass transition temperature and storage modulus of 
membrane. This matrix-softening phenomenon is attributed to the association of 
Nafion molecules to PPTA nanoflakes via the adsorption of the sulfonic acid groups 
of Nafion onto the hydrophilic strip constitute the desired proton transport interface. 
The association was verified by various characterization including colloidal behaviour, 
thermal behaviour, electrochemical evaluation and so on. The resulting Nafion-PPTA 
composite matrix endows an alternative effective PCC which shows less reliance on 
moisture levels.  
 
The second design makes use of a conjugating polymer poly (p-phenylene-2, 5, 
diacetoxy) (POAc) which was incorporated into Nafion structure so as to utilize 
conjugated aromatic segments as fast proton-hopping platforms. First, oligomeric 
poly (p-phenylene-2, 5, diacetoxy) (POAc) which has a rigid rod bearing acetyl side-
chain groups was synthesized. Both the pendant acetyl groups and the conjugated pi-
system are considered as acceptors of protons dissociated from the -SO3H groups of 
Nafion. Thereby, the attachment of -SO3H groups to individual POAc oligomeric 
segments (or rods) generates an interface, which acts as the primary proton transport 
channel. A specific pattern of the variation of glass transition temperatures of Nafion 
with an increase in POAc content in the Nafion matrix supports the occurrence of 
physical crosslinking. Different from the PPTA nanofillers which need an intense 
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dispersing into the Nafion system because of the difficulty to fully utilize the pi-
system of PPTA due to strong hydrogen bonding of amide groups between PPTA 
polymer chains, POAc offers a desired pi-system for the development of the interface 
because the ortho-disubstituted acetyl groups on each repeating unit prevent the 
conjugated polymer chains from stacking together. This makes the dispersion of 
POAc in Nafion matrix easier. 1 wt% of POAc resulted in much enhanced storage 
modulus and greater proton conductivity at either elevated temperatures or under low 
relative humidity conditions. The single H2-fuel cell evaluation shows that the 
composite membrane sustains a higher power density than the pristine Nafion 
membrane and such difference increases with rise of cell operation temperature.  
 
In the third design, highly porous sulfonated carbon nanospheres (sPCNs) were 
prepared from polypyrrole through pyrolysis, alkaline etching and sulfonation. As a 
result, a semi-interpenetrating network (sIPN) was accomplished. However, the sIPN 
was gradually replaced by a random assembly of Nafion-wrapped sPCN granules with 
raising the sPCN loading to 2wt%. The presence of free Nafion molecules in sIPN is 
critical to proton transfer. A highly porous scaffold of sPCN (1300 m2/g) is essential 
to promote water-capture and proton transport at elevated temperatures. The 
composite membrane with 1 wt% sPCN loading could sustain a power-density of 571 
mW/cm2 in a dry gas operated H2-PEMFC at 70oC, much greater than that of the 
pristine Nafion membrane. Detailed structural characterizations, aiming to justifying 
the formation of sIPN and its effect on proton transport, has carried out. Different 
from the other types of Nafion nanocomposite matrix, preservation of moisture at the 
crosslinking points of sINP is the unique feature of this membrane.                
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Finally, the hydrophilic hollow polymeric nanospheres (HPSs) carrying sulfonic acid 
groups or the carboxylic acid groups were synthesized using silica sub-microsphere as 
template. These hollow polymeric spheres are promising candidates because the 
hollow cavities act as micro water reservoir and the hydrophilic polymeric largely 
promotes proton hoping rate. With the exception of these two prominent effects, the 
adsorption of –SO3H groups of Nafion on HPSs also improved water preservation at 
elevated temperatures. The substantially low density of HPSs rendered HPSs a very 
high volume fraction. A loading of 0.2 wt% provided a surface area more than needed 
for accepting the sulfonic acid groups of Nafion. As a result, the composite matrix 
also contained HPSs free of adsorption, which contributed continuous proton 
transport channels. This part of work also scrutinized the freezable bound water and 
free water in the composite matrix by using DSC. The trend observed is coherent with 
ion-exchange capacity, proton-conductivity, water retention capability and single H2-
PEMFC power density.  
 
1.3 Organization of This Thesis 
 
The main theme of this research project is to pursue high proton flux in a low 
moisture-content matrix. A literature review of recent work on PEMs especially 
focused on the Nafion system is given in Chapter two, immediately after this 
introductory chapter. Chapter seven is the conclusion of this thesis work. It also 
provides some recommendations for future work. The four different types of PEM are 
present through chapter three to six as below: 
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Chapter three: Nafion membranes were modified with oligomeric poly (p-phenylene 
terephthalamide) (PPTA) having alternating phenylene and amide units besides its 
rigid chain structure. The colloidal behaviour, morphologies, thermal behaviour, 
electrochemical evaluation of the resultant composite system were investigated and 
compared with that of pure Nafion membrane. The resulting Nafion-PPTA composite 
matrix endows an alternative effective proton conduct channel which shows less 
reliance on moisture levels and thus the mechanism of proton conduction in the 
membrane was also established.  
 
Chapter four: An oligomeric poly(p-phenylene-2, 5, diacetoxy) (POAc) which has a 
rigid rod bearing acetyl side-chain groups was prepared. Different content of POAc 
oligomeric segments (or rods) was introduced in the Nafion polymer matrix. The 
occurrence of physical crosslinking formed by the attachment of Nafion molecules to 
individual POAc segments was supported by various characterizations and the impact 
on the membrane electrochemical properties were also studied.  
 
Chapter five: Nafion membrane structure was also modified by different content of 
highly porous carbon nanosphers (PCNs). The interaction between PCNs and Nafion 
molecules was studied from interpreting the characterization of morphological, 
thermal, chemical and physical properties. The effect on the proton transport inside 
the membranes has been carried out.  
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Chapter six: The hollow polymeric nanospheres (HPSs) as specially designed fillers 
for modifying the Nafion membrane were designed. Their water retention and proton 
conducting properties were investigated. Furthermore, single hydrogen fuel cell 
















CHAPTER 2 LITERATURE REVIEW 
 
2.1 Proton exchange membrane Fuel Cell (PEMFC) and current status 
 
Hydrocarbon fuels such as coal, oil, and natural gas are widely used as power sources. 
The disadvantage of these hydrocarbon fuels is their toxic emissions into the 
atmosphere and the limited reserves. The depletion of the fuels will eventually lead to 
power shortages in most countries. This has led to a growing need to find alternative 
power sources that are lasting, clean and pollution-free (Diat O. and Gebel G., 2008). 
Fuel cell technology has been known for about two centuries since Sir William Grove 
first discovered the principle of a fuel cell from the invention of a gaseous voltaic cell 
in 1839 (Appleby A. J., 1990 and  Barclay F. J., 1998). The advantages of fuel cells 
are that they offer great promise for energy conversion since they deliver energy 
densities that are orders of magnitude greater than or comparable to the conventional 
power sources. They are energy-efficient, fuel-flexible, and no emissions of 
environmental polluting gases such as SOx, NOx, CO2, CO, and etc; therefore they 
have the potential to replace internal combustion engine vehicles and provide power 
in stationary and portable power applications.  
 
 By definition, fuel cell is an electrochemical converter — chemical energy from the 
fuel such as hydrogen, is converted into electrical energy in the presence of 
atmospheric oxygen. The theoretical voltage E0
 
for an ideal H2/O2
 
fuel cell at standard 
conditions of 25oC and 1 atmosphere pressure is 1.2 V. However, in practice the cell 
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usually generates about 0.7V to 0.9 V and about 1W cm-2 of power (NIST, 2006). 
Individual cells must be stacked (connected in series) to obtain various voltages and 
then a power density that ranges from 10 W to 1 MW in order for them to be  used in 
various domains, including portable, stationary and transportation uses. Fuel cell 
includes proton exchange membrane fuel cell (PEMFC), solid oxide fuel cell (SOFC), 
phosphoric acid fuel cell (PAFC), alkaline fuel cell (AFC) and molten carbonate fuel 
cell (MCFC). Compared to other types of fuel cells, PEMFCs present several 
advantages. They are compact, lightweight and they generate high-power density and 
large current density. PEMFCs are constituted with an electrolyte working at low 
temperature allowing quick start-up in cold temperatures as well as immediate 
response to changes in the demand for power. Because the electrolyte in PEMFC is 
solid material, the sealing of the gases is simpler and therefore less expensive to 
manufacture and also the electrolyte has fewer problems with corrosion, thus leading 
a longer cell and stack life. Their tolerance to shock and vibration are high due to 
plastic materials and an immobilized electrolyte (Stones, C. et al., 2002; O’ Hayre, R. 
et al., 2006; Laberty R. C. et al., 2011 and Gottesfeld et al., 1997). Compared to 
thermal engines, vehicles integrating PEMFCs have ultra low or zero emissions of 
environmental pollutants (CO, NO, VOCs, and SOx).  
 
In contrary of the advantages of PEMFC, the two greatest barriers for the PEMFC 
commercialization are durability and the cost from the various fuel cell components. 
For example, the MEA (membrane electrode assembly) (Zhang S et al., 2009), formed 
from two electrocatalytic electrodes separated by a proton exchange membrane 
(PEM), is suffering from degradation during long-term operations. A commercial fuel 
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cell requires that the life time is over 5000 operating hours for light-weight vehicles 
and over 40,000 h for stationary power generation with less than 10% performance 
decay (Borup R, et al., 2008 and Schmittinger Wet al., 2008). But most fuel cells 
employed currently will have major decay of performance after around 1000 hours 
(Borup R, et al., 2008 & 2007 and Wood D. L. et al., 2006). The DOE target is to 
achieve a life time of 40,000 h by 2011 with 40% efficiency for distributed power and 
5000 hour durability by 2015 with 60% efficiency for transportation. Recently, 3 M 
Company achieved over 7500 h of durability for the MEA in their single-cell testing 
at the laboratory level, making it even closer to meet the target (Papageorgopoulos D., 
2010 and Wang et al., 2011).  
 
Phenomena involved in PEM fuel cell operation are complex; involving heat transfer, 
species and charge transport, multi-phase flows, and electrochemical reactions. The 
improvement of the overall efficiency is associated with different components. 
Normally, the primary portion of a fuel cell cost is due to the MEA that consists of 
PEM and catalyst (usually Pt-based) layers. The rest of this thesis will be mainly 
focused on the PEM, the heart of MEA.  In past few years, the fuel cell cost has been 
reduced all the way from $275/ kW in 2002, $108/kW in 2006, $94/kW in 2007, 
$73/kW in 2008 to $61/kW in 2009. The 2010 and 2015 DOE targets for the fuel cell 
cost are $45/kW and $30/kW, respectively, for transportation applications 
(Papageorgopoulos D., 2010 and Wang et al., 2011).  
 
An ideal PEM must accomplish several tasks: 1) high proton conductivity and low 
electronic conductivity; 2) physically separate fuel from the oxidant with low 
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permeability to both; 3) low water transport through diffusion and electro osmosis; 4) 
good mechanical, oxidative and hydrolytic stability in both dry and hydrate states; 5) 
low cost and being easy processing into membrane electrode assemblies (MEA) 
(Hamrock et al., 2006). Typical membranes are made of organic polymers containing 
acidic functionalities such as carboxylic, sulfonic or phosphonic groups which 
dissociate when solvated with water, allowing H3O+ hydrated proton transport. The 
membrane performance is therefore related to the amount of ionic group and the 
hydration rate. Today, the perfluorinated polymers, such as Nafion, containing 
sulfonic groups are the most competitive candidate for use in PEMFC systems.  
 
Nafion, a sulfonated perfluoropolymers (SPFP), is developed by DuPont de Nemours 
in the late 1960s. The structure of Nafion is shown as in Figure 2.3 which is 
composed of branched perfluoro chains carrying sulfonic acid groups at the end of 
each side chains. Therefore, there are hydrophobic domain comprising of Teflon-like 
backbone providing mechanical strength and hydrophilic domain containing sulfonate 





Figure 2.1 Chemical structure of Nafion 
 
Nafion has many characteristics that make it suitable for use as a membrane in fuel 
cells, most importantly, when hydrated it exhibits high intrinsic proton conductivity 
and the high chemical and electrochemical stablity in an acidic and oxidizing 
environment. Also, it has low permeability to gas reactants and excellent mechanical 
properties including flexibility, ductibility and water-swelling capacity. Nafion has a 
proton conductivity of about 0.1 S/cm at room temperature. A lifetime of over 60 000 
hours under fuel cell conditions has been reported with commercial Nafion 
membranes (Rozie`re J. et al., 2003). As a result, it is better than numerous 
hydrocarbonated ionic polymers that have been proposed as alternative PEMs such as 
poly (vinylidene fluoride) (PVDF), poly(ether ether ketone) (PEEK), and 
poly(tetrafluoroethylene) (PTFE)  (Diat O. et al., 2008 and Jannasch et al., 2003).  In 
addition to fuel cell applications, Nafion has also been widely used in metal ion 
recovery as a super acid catalyst in organic reactions and different electrochemical 
devices (Miyake et al., 2001; Tazi et al., 2005 and Nonhlanhla Cele et al., 2009). 
However, Nafion is costly, amounting to US$ 700 per square meter (Smitha et al., 
2005); and the performance depends very much on the presence of matrix water since 
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the proton dissociation from the SO3H groups and the subsequent proton transport in 
nafion depends on the presence of liquid water (M. Eikerling et al., 2003). The need 
for liquid water in the membrane constrains the operating temperature below 80oC in 
practice. Moreover, protons traversing the hydrated membrane drag water molecules 
along from the anode to the cathode (electro-osmotic drag). At the same time, a flux 
of water molecules (back-diffusion) from the cathode to the anode driven by the water 
concentration gradient may also occurs. Imbalance between these two fluxes can 
cause severe performance degradation due to drying of the anode catalyst layer and 
flooding of the cathode catalyst layer, mechanical stresses in the membrane, 
delamination of the catalyst layer, and pinhole formation in the membrane leading to 
gas crossover, catalyst sintering and failure. The need to externally manage water 
distribution in the membrane adds to the system volume, weight, complexity and cost 
(Yu J. et al., 2005). The limitation of the operating temperature with Nafion is also 
associated with another drawback of PEMFC: CO poisoning of the Pt anode electrode 
catalyst. Since pure hydrogen gas is produced by steam reforming light hydrocarbons, 
a process which produces a mixture of gasses that also contains CO (1–3%), CO2 (19–
25%), and N2 (25%) (Hoogers G. et al., 2003). If the concentration of CO is excessive, 
it will strongly adsorb to the platinum (Pt) surface and poison the platinum electro-
catalyst (Barbir et al., 1996; Petterssona et al., 2001; Kwon et al., 2008 and Krishnan 
et al., 2006). Indeed, the adsorption of CO on Pt is associated with high negative 
entropy, implying that adsorption is favored at low temperatures, and disfavored at 
high temperatures (Baschuk et al., 2001). Elevated temperature operation enhances 
the kinetics of electrode reactions and improves CO tolerance. For example, CO 
tolerance increases to 1000 ppm at 130oC and 30000 ppm at 200oC due to CO 
desorption (Li Q. et al., 2003).  
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The development of the PEM for the application under high temperature and low 
umidity became necessary. To achieve this goal, a detailed knowledge of membrane 
chemistry, proton transfer, nanophase segregation, membrane morphology as well as 
proton transport will be necessary. There are few approaches include: modifying the 
pendant groups of existing membranes; incorporating various filler materials such as 
metal oxides, heteropoly acids etc in the membrane to retain water; developping low 
temperature PEMs in the absence of water based on Nafion polymers or some other 
types of materials; preparing alternative aromatic backbone polymers such as 
poly(vinylidene fluoride) (PVDF), polysulfones (PPSU) (Kerres et al., 1996),  
poly(imides) etc.; replacing water with a less volatile proton solvent for developing 
anhydrous membranes (Ram Devanathan. 2008). A thorough understanding of ion 
conduction in PEMs based on structural and dynamic materials characterization, as 
well as modeling is crucial in design (Diat et al., 2008). There are many review papers 
about the membrane development for PEMFCs. Under all circumstances, Nafion is 
still considered the benchmark material against which most results are compared 
(Kenneth A. et al., 2004).  
 
2.1.1 Basic physical and chemical properties of SPFP-Nafion  
  
The currently well-developed PEMFC technology is based on SPFP membranes 
functioning not only as the conductor of protons but also as a separator of the 
electrodes and fuel gases in PEMFCs. Typical SPFP membranes include Nafion from 
Dupont Inc, Flemion (Asahi Glass company), Asiplex (Asahi chemical industry); 
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Gore-SelectTM (Gore W. L. and Associates, Inc.); Hyflon (by Solvay Solexis) 
(Ghielmi A. et al., 2005); a SPFP membrane developed by the Fuel Cell components 
program at 3M with slightly longer side chains (Emery M. et al., 2007; Wu D. S., et 
al., 2009) and a similar perfluorinated ionomer from Dow Chemical Company (Doyle, 
M et al., 2003). Table 2.1 provides a comparison of the properties for some 
commercial cation-exchange membranes for different application, including Nafion 
N117 membrane. Some of them are not in the category of SPFP but also been used in 
the fuel cell areas. For Nafion N117, the designation “117” refers to a film having 
equivalent weight (EW) of 1100 and a nominal thickness of 0.007 in., although 115 
and 112 films have also been available. For EW, it is the number of grams of dry 
nafion per mole of –SO3H groups when the material is in the acid form. The EW is 
related to the property more often seen for the ion exchange resins, namely the ion 
exchange capacity (IEC) were by the equation IEC=1000/EW (Mauritz K. A. et al., 
2004). Nafion is commercially available in varying EW, viz. 900, 1100, 1200, etc 









Table 2.1 Properties of commercial cation-exchange membranes (Peighambardoust S. 













100% R H. 
Asahi chemical industry company Ltd, Japan 
K101 Sulfonated 
polyarylene 
1.4 0.24 24 0.0114 
Asahi glass industry company Ltd, Japan 
CMV Sulfonated 
polyarylene 
2.4 0.15 25 0.0051 
DMC Sulfonated 
polyarylene 
- 0.15 - 0.0071 
Flemion Perflourinated     
Ionac chemical company, USA 
MC 3470 - 1.5 0.6 35 0.0075 
MC 3142 - 1.1 0.8 - 0.0114 
Ionics Inc., Watertown, USA 
61AZ1386 - 2.3 0.5 46 0.0081 
61AZ1389 - 2.6 1.2 48 - 
61CZ1386 - 2.7 0.6 40 0.0067 
Dupont company, USA 
N 117 Perflourinated 0.9 0.2 16 0.0133 
N 901 Perflourinated 0.1 0.4 5 0.01053 
Pall PAI Inc, USA 
R-1010 Perflourinated 1.2 0.1 20 0.0333 
 
As mentioned before, Nafion has been the most widely used PEM since it was 
developed 40 years ago. And the Nafion-based membranes are costly primarily due to 
their complex fabrication process (Smitha B. et al., 2005). The nafion ionomers are 
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usually derived from the thermoplastic SO2F precursor form that can be extruded into 
sheets of required thickness. And the soaking of these sheets in concentrated aqueous 
acid to give the SO3H form. Nafion has been subject to extensive study of its 
morphology, structure and transport properties (Kundu, P. P. et al., 2004).  It is clear 
that the tuning of this material for optimum performance requires a detailed 
knowledge of chemical microstructure and nanoscale morphology. Over the last 
decades, lots of morphological information of Nafion has been obtained and reported 
to precisely define the molecular/supermolecular organization of perfluorinated 
ionomers, which will be summarized as below.  
 
Nafion structure contains both hydrophobic and hydrophilic part; therefore it is 
known to have a nanoscale phase-separated structure. The hydrophobic region 
provides mechanical support and the hydrophilic region facilitates proton transport 
(Mauritz K. A. and Moore R. B., 2004). The distribution of these two phases from the 
nanoscale to the microscale has been the subject of much debate. The morphology is 
known to change with hydration level, processing conditions (melt extruded vs. 
solution cast) and thermal history. It is important to obtain a fundamental 
understanding of Nafion morphology in order to optimize transport and mechanical 
properties of the membrane. 
 
Various characterization techniques were used to study the structure of the SPFP in 
order to understand the proton and small molecule transport processes and mechanical 
properties of Nafion. These techniques include Neutron and X-ray scattering (Mauritz 
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K. A. and Moore R. B., 2004; 104, 4535–4585; Paciaroni A. et al., 2006), nuclear 
magnetic resonance (NMR) (Ye G. et al., 2007), infrared (IR) spectroscopy (Moilanen 
D. E. et al., 2007), electron and atomic force microscopy (Kim Y. S. et al., 2003), 
differential scanning calorimetry (DSC) (Thompson E. L. et al., 2006), dynamic 
mechanical analysis (DMA) (Bauer F. et al., 2005) and so on.  
 
Based on above, different models were proposed to describe the morphologies of the 
structure of Nafion series membranes. The first cluster-network model by Gierke et al, 
based on small-angle X-ray scattering studies and several assumptions, proposes 
spherical ionic clusters with an inverse micelle structure. In the model, hydrated 
Nafion is modelled as a periodic arrangement of ionic clusters of 3–5 nm diameter 
interconnected by 1 nm diameter water channels. These -SO3 coated channels were 
invoked to account for inter-cluster ion hopping of positive charge species but 
rejection of negative ions, such as OH-, as in the case of chlor-alkali membrane cells 
(Kenneth A. Mauritz et al., 2004). This model has endured for many years as a basis 
for rationalizing the properties of Nafion membranes, especially ion and water 
transport and ion permselectivity. The Gierke model can be considered as commonly 
accepted since it has been cited more than 800 times during the last ten years although 
it is considered simple because of the assumption of periodic distribution of spherical 




In the following years after the cluster-network model, more extensive structure-
property studies have been conducted and, in many reports, alternate morphologies 
have been proposed. Some of these examples are: the lamellar model of Nafion where 
water was absorbed between the hydrophilic micelles separated by hydrophobic 
lamellae and this model was proposed by Litt (Litt M. H. et al, 1997); the polymer-
bundle model that it is proposed that the polymer form elongated (cylindrical or 
ribbonlike) aggregates with a diameter of about 4 nm and length larger than 100 nm. 
And these aggregates are surrounded by ionic groups and packed in bundles with 
ordered orientation (Rubutat et al., 2002; Rollet et al., 2003; Gebel G. et al., 2005 and 
Devanathan R., 2008); a Sandwich like model whose basic structure is a “sandwich” 
with the outer portion of this sandwich (the “shell”) consists of the side chains, 
including the sulfonic acid groups, and the inner liquid portion (the “core”) consists of 
the water/methanol molecules (Haubold et al., 2001).  
 
The latest model was by Schmidt-Rohr and Chen who have quantitatively simulated 
various published small-angle x-ray scattering data (SAXS) of hydrated nafion and 
shown that all the other models could not satisfy the experimental SAXS data. 
Therefore, they proposed a new model consisting of parallel cylindrical water 
channels that have diameters between 1.8 and 3.5 nm and persistence length of more 
than 20 nm (Schmidt-Rohr K. et al., 2008). In this model, the cylindrical inverted 
micelles are lined with hydrophilic groups and are stabilized by the stiff polymer 
backbone. The cylinder diameter is much larger than that in other models, such as the 
cluster-network model, which explains the large water diffusion coefficient (within an 
order of magnitude of that in bulk water), methanol permeation and electro-osmotic 
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drag of water in Nafion (Devanathan R., 2008). This model considered crystallites 
where other models did not. Also, this work is not a superposition of several 
scattering studies in contrast with the previous studies; it takes into account the 
supramolecular organization of the polymer chains as whole. Overall, this model 
gives some interesting arguments for solving the excellent transport properties of 
hydrated Nafion. However, as this work is a numerical analysis, the energy minimum 
for the system is not found, and as a result, the finer details of the self-association of 
the polymer are unclear. Also it is not clear if this model can represent Nafion at low 
hydration levels (Diat O. and Gebel G., 2008; Laberty R. C. et al., 2011).  
 
All the discussed models recognized that the ionic groups aggregate in the 
perfluorinated polymer matrix to form a nanometer-scale network of clusters which 
allow for significant swelling by polar solvents and efficient ionic transport. The 
difference is that they differ significantly in the geometry and spatial distribution of 
the clusters (Kenneth A. Mauritz et al., 2004). However, the experimental studies of 
Nafion leave many unanswered questions about the hierarchical structure of the 
membrane and the dynamics of protons and small molecules because the key 
processes including proton transferring/transporting, rearrangement of the proton 
solvent network as well as polymer dynamics occur on different time and length 
scales and there is overlap of transport mechanisms, (e.g., Grotthuss hopping and 
vehicular transport). Therefore, it is difficult for the experimental studies to directly 
probe the nanoscale morphological changes and transport phenomena; multiscale 
modelling studies performed in conjunction with experiments in this field became 
necessary to provide a better understanding of the structure, morphology, and 
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functionality of SPFP membranes (Devanathan R., 2008 and Elliott, J. A. et al., 2007). 
There are various modelling techniques being applied at different size scales (Wu D. 
S. et al., 2010). Examples including but not limited to: classical molecular dynamics 
(MD) simulations of hydrated SPFP membranes (Hristov, I. H. et al., 2008), together 
with empirical valence bond (EVB) models of the solvation and transport of hydrated 
protons (Blake, N. P. et al., 2007 & 2005; Petersen, M. K. et al., 2005); ab initio 
molecular dynamics (AIMD) study of acid–base equilibria in fully fluorinated 
ethylsulfonic acid (Glezakou V. A. et al., 2007); coarse-grained MD simulations to 
study the effect of water on the phase-segregated morphology of the Nafion ionomer 
(Malek, K. et al., 2008); mesoscale modeling involving dissipative particle dynamics 
(DPD) simulation; self-consistent mean field (SCMF) simulations to study the 
morphological changes in Nafion with respect to temperature and water content 
(Galperin, D. Y. et al., 2006) and many others.  
 
2.1.2 Proton transport mechanism 
 
Proton conduction is fundamental for proton exchange membrane fuel cells and is 
usually the first characteristic considered when evaluating membranes for potential 
fuel cell use. It is complicated and strongly depends on humidity, the nature and 
content of acid as well as temperature. The understanding of the proton transport 
mechanism is therefore one of the most difficult hurdles facing the development of 
novel PEM. The mostly common proton transport mechanisms are summarized in the 
following texts. 
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There were basically two widely accepted proton transport mechanisms at a molecular 
level: “Proton hopping mechanism” or “Grotthuss mechanism”; and the vehicular 
mechanism (or proton-carrying mechanism) (Colomban et al., 1992 and Smitha et al., 
2004 and Pourcelly et al., 1992). Normally, the first mechanism follows the following 
process: (a) displacement of H+ along a hydrogen bond and (b) transport of the H+ ion 
from this hydrogen bond to the following one (Colomban P., 1992). In this mechanism, 
ionic clusters were swelled in the presence of water and formed the percolation 
mechanism for proton transferring (Deluca et al., 2006).  
 
In the vehicular mechanism (or proton-carrying mechanism), the protons such as OH3+, 
NH4+, etc. are bonded to a “vehicle” as H2O, NH3
 
etc and diffuses together through 
the aqueous medium in response to the electrochemical difference. The most 
important point for the formation of the vehicular mechanism is the existence of the 
free volumes within polymeric chains in PEM which allow the transferring of the 
hydrated protons through the membrane (Saswata et al., 2011).   
 
The proton transport within nanocomposite and hybrid systems is a much more 
complex process than the pure polymer system. It involves both the surface and 
chemical properties of the inorganic and organic phases. For example, the 
incorporation of hygroscopic inorganic filler (e.g., silica or TiO2) aiming at enhancing 
the binding capacity of water may result in an increase in membrane swelling at lower 
relative humidity (RH), and offer resistance to fuel crossover. Hence, the transport of 
protons through the membrane becomes easier and the methanol permeability was 
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reduced in the case of DMFC. Another example is the incorporation of conducting 
species such as the conducting polymer nanoparticles. They will tighten the pores of 
the polymer, inhibiting the molecular migration of unwanted species through the 
membrane such as methaol. The inclusion of such material also recovers the loss of 
proton conductivity due to a reduced fraction of water from the membrane (Hogarth 
W. H. J. et al., 2005).  
 
Normally, the degree of hydration is the main factor which governs the proton 
conducting in a polymeric membrane and the proton transport mechanism through a 
PEM is basically conduction through water. The relative contributions of ‘‘Proton 
hopping mechanism” and ‘‘vehicle diffusion’’ are dependent on membrane hydration, 
temperature, pressure, the frequency of proton hopping along a hydrogen bond and 
the rotational speed of the carriers (Kreuer, 1996). As the membrane used under the 
low temperature operation are normally hydrated acidic polymer with both 
hydrophobic and hydrophilic domains. The typical nano-separation leads to the 
formation of interpenetrating hydrophobic and hydrophilic domains, e.g. the protons 
are normally exist in the hydrated nanochannels in the case of Nafion polymer. The 
proton transport is therefore related to membrane hydration; the proton conduction 
takes place via a vehicular mechanism when the membrane is sufficient carriers and is 
dominated by the hopping-type mechanism when hydration is not sufficient 
(Zawodzinski et al., 1993).  
 
Recently, a new mechanism of proton transport in hydrated poly(vinyl phosphonic 
acid) (PVPA) based on first principles molecular dynamics simulations was proposed 
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and named as carrier-mediated Grotthuss mechanism (Guillermo et al., 2011). The 
authors claimed that PVPA can be chemically optimized to permit operating 
temperature above 100oC and thus be an alternative membrane candidate for Nafion. 
The conduction of proton in this type of material does not require bulk water channels 
though a certain amount of residual water is still necessary to support sustained proton 
conduction (Lee Y. J. et al., 2007). The residual water differs from the conventional 
bulk water in that it will remain inside the polymer at temperatures beyond the usual 
boiling point (Steininger H. et al., 2007). Their results show that, unlike in Nafion, 
local proton hopping between adjacent acids occurs very frequently in PVPA, but 
does not contribute to sustained net charge transport. As reported, the hydrogen-bond 
network is dense enough to inhibit large-distance vehicular transport of H3O+ and 
therefore the main role of water is to bridge the H-bond percolation path, 
complementing Grotthuss proton hopping between phosphonic acid groups.  
 
The proton conducting process in a so called “anhydrous” PEM will be different. 
Such membranes usually consist of a polymer matrix (base) with an appropriate 
proton solvent. In particular, composite membranes of strong acids, such as 
phosphoric acid or sulfuric acid, and basic heterocyclic molecules, such as imidazole 
and benzimidazole, have been found to show high proton conductivity under 
anhydrous (low humidity) and intermediate-temperature conditions. These 
membranes have had some success; however the substituted composite tends to leach 
from the membrane over time (Sone et al., 1996 and Malhotra et al., 1997; Hogarth W. 
H. J. et al., 2005 and Verma et al., 2010). The proton transport of an acid – base 
composite membrane under anhydrous or low-humidity conditions is supposed to 
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occur by the Proton hopping mechanism (or Grotthuss mechanism) , in which only 
protons are mobile from site to site without the presence of diffusible water molecules, 
such as H3O+
 
or H5O2+. (Kreuer, 1996) Therefore, the molecular structure of the acid-
base composite membrane is crucial for the rate of proton transport. (Goward et al., 
2002; Munch et al., 2001 and Hickman et al., 1999) Namely, an existence of a proton 
conductive pathway in the membrane is one of the most important factors for the high 
conductivity. 
 
2.1.3 Contemporary tactics for enhancing the cell performance of Nafion 
membrane  
 
High proton conductivity is essential for achieving a high power density in fuel cells. 
The search for novel membrane materials resulted in the synthesis and development 
of diverse materials with one of the approaches is the various chemical homologues of 
Nafion such as the short-chain-length (SCC) version of Nafion. The SCC has been 
promising because this can decrease EW of the membrane which results in higher 
density of acid group and therefore higher proton conductivity (Jalani N. H. and Datta 
R., 2005).  Commercial example of SSC membranes include Flemion, Aciplex, the 
SCC membrane (originally synthesized by Dow Chemical and now manufactured by 
Solvay Solexis as Aquivion), and the 3M membrane which has a slightly longer -
O(CF2)4SO3H side chain than that of the Dow membrane. The 3M SPFP membranes 
with low equivalent weights (EWs) have been observed to exhibit high proton 
conductivities and good thermal stability and mechanical properties when compared 
to Nafion 1100 ( Wu D. S., 2010 and Hamrock S. J. et al., 2006).  The hydrated 
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morphology of 3M PFSA membranes has been studied recently by using DPD 
simulations as a function of the equivalent weight (EW), molecular weight (MW), and 
hydration level (Aieta N. V. et al., 2009; Wu D. S. et al., 2008 & 2009). However, the 
chemical synthesis of the SCC is challenging due to the safety concerns of 
tetrafluoroethylene and the cost/availability of the perfluoroether comonomers. 
Additionally, they suffer from the same shortcoming as Nafion, namely low 
conductivity at low water contents as well as mechanical/thermal stability problem 
because of the increased swelling. Comparing to the huge amount of research work 
and data related with Nafion, more fundamental studies of SSC membranes are 
needed to relate the membrane morphology to transport properties. 
 
The developing of the composite membranes based on Nafion is another important 
and vibrant research area.  The main objective is to seek application at low humidity 
or elevated temperatures since the dehydration of the membrane at such environment 
may lead to the decrease of the proton conductivity and therefore performance of 
polymeric membranes gets hampered in the application. One of the effective 
approaches is to introduce highly dispersed nano particles of Pt or metals oxides such 
as ZrO2 TiO2, Al2O3 etc (Watanabe M. et al., 1996, 1998; Tang et al., 2008; Uchida H. 
et al., 2003; Santiago et al., 2009). This type of composite has been further improved 
by nano particle fillers with a functional shell or a porous structure through enhancing 
particle–matrix interactions as well as moisture retention ability. Bifunctional 
particles, being both hydrophilic and proton conducting have also been incorporated. 
Typical examples include functionalized ZrO2 or TiO2 particles with hydrophilic 
surfaces (Santiago et al., 2009 and Zhang et al., 2007), fumed silica particles with an 
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oligomer layer bearing –SO3H groups (Tay et al., 2008; Pereira et al., 2008 and Ye et 
al., 2007), heteropoly acids clusters, e.g., phosphotungstic acid (H3PW12O40) (Yan et 
al., 2009; Meng et al.,2007 and Shao et al., 2006), functionalized POSS (Subianto et 
al., 2009 and Thompson C. H., et al., 2008), functionalized carbon nanotubes (Chen 
et al., 2008 and Liu et al., 2010), and conducting polymer particles (Yang et al., 2009 
and Park et al., 2005).  
 
Other than the modification of Nafion membrane, there is another approach to be 
mentioned since there are some recent examples: to lessen the reliance of PEM on 
moisture by replacing water with a non aqueous, low volatile solvents such as 
phosphoric acid, imidazole, triazole, butyl methyl imidazolium triflate, etc (Kreuer et 
al., 1998; Doyle et al., 2000 and Li et al., 2011). In a recent example, a 
Nafion®/immobilized imidazole composite membrane was prepared (Li et al., 2011). 
The introduction of simple hydrocarbon linkers facilitates the local mobility of 
imidazole compared with the reported immobilization of imidazole on a polymer 
backbone or on inorganic nanoparticles (Marschall et al., 2009; Scharfenberger et al., 
2006; Li et al., 2006 and Herz et al., 2003). The introduced imidazole moieties act not 
only a proton transportation media, but also as cross-linkers in the membrane. The 
formed composite membrane showed an increased glass transition temperature, 
improved mechanical property and higher proton conductivity compared with plain 
Nafion® membrane at temperature above 100°C. In another example, both aromatic 
hydrocarbon polymer (Kreuer et al., 1998) and Nafion (Yang et al., 2001; Deng et al., 
2004 and Kim et al., 2007) membranes impregnated with abovementioned mateirals 
have shown promising conductivity at temperature above 100°C and under anhydrous 
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conditions. However, leaching of the heterocyclic mateirals to the electrode and the 
swelling of membrane at elevated temperature became problem during the application 
(Yang et al., 2001).  
 
Back to the main focus of this thesis: modified Nafion; they were developed with 
aims at a self humidification at low or elevated operational temperatures. Although 
many of theinvestigations in this area lack fuel cell evaluation data, correlation of the 
microstructure of membrane with proton transport, or interfacial characteristics 
between filler and matrix, it is widely agreed that the carefully designed nanofillers 
can enhance the performance of base membrane by either enhancing water uptake or 
form specific proton transport pathway within the base membrane material. More 
detailed discussion will be given in the following sections. 
 
2.2 Nafion-based nanocomposite membranes 
 
As mentioned in the previous sections, Nafion membrane was modified by 
incorporating nano fillers with the aim of enhance water uptake or form alternate 
proton conduct pathway so as the membrane can function at elevated temperature or 
under low humidity environment. These nanofillers could be inorganic, organic or 
polymeric. Normally, nanofiller means a filler that has at least one dimension in the 
nanometer range (<100 nm). The filler can be one-dimensional such as nanotubes and 
fibers; two-dimensional such as layered silicate minerals like clay; and three-
dimensional such as spherical nanoparticles. A very small amount (2–5 wt.% or less) 
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of filler incorporation could afford outstanding mechanical as well as thermal 
properties due to the strong interfacial interaction between host membrane and the 
filler surface (Nonhlanhla et al., 2009).  The resulted hybrid organic–inorganic or 
organic-organic approaches have been explored and various pathways have been 
considered. In the following section, some of the most significant examples of fillers 
in this field will be reviewed. 
 
2.2.1 Nanoparticles dispersed in Nafion membranes 
 
At 100% RH, the conductivity of Nafion is generally high and the value drops by 
several orders of magnitude as the humidity is decreased or temperature is increased. 
An interesting approach to improve proton transport and mechanical properties of 
PFSA membranes at high temperatures and low humidity environment is to 
incorporate hygroscopic nanomaterials as fillers in the polymer matrix. Being nano-
sized, such materials are easier to disperse in the host polymer matrix compared with 
larger sized particles. Being hygroscopic materials, they can aid water retention for 
operation at elevated temperatures and low relative humidity. At the same time, the 
introduction of these fillers supplies the composite membrane with a good mechanical 
and thermal resistance if compared to the non-modified Nafion membrane.  
 
The early example of Watanabe et al shows the enhancing effect of highly dispersed 
nanometer size Pt and/or metals oxides in Nafion membrane (Watanabe, M. et al., 
1996; 1998) and the concept of self-humidifying membrane was actually introduced 
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by their works. Uchida impregnated nafion 112 membranes with TiO2 nanoparticles 
in an effort to develop a self-humidifying PEM (Dhar H. P., 1994). A uniform 
distribution of 2-4wt% TiO2 which can enhance the back-diffusion of water grnerated 
at the cathode, along with Pt in the membrane was achieved. The membrane was used 
in a PEMFC operated at 80oC in dry H2 and O2 with the peak power density 0.78W 
cm-2. However, the structure and chemistry of the electrolyte need to be optimized to 
realize the potential of self-humidifying membranes. 
 
Several authors have demonstrated that highly dispersed hygroscopic metal oxide 
particles such as SiO2, TiO2, SnO2, ZrO2 in the structure of Nafion membrane show 
an improvement of the performance of Nafion at high temperature and low humidity 
(Sahu et al., 2007; Sacca et al., 2005; Watanade et al., 1996 & 1998). These 
hydrophilic inorganic materials, when incorporated with Nafion, increase the binding 
energy of water as well as the number and strength of acid sites. The addition of 
inorganic fillers narrows the hydrophilic channels in Nafion matrix, facilitating proton 
conduction (Sahu et al., 2009).  
 
Mauritz and Payne (Mauritz K. A. and Payne J. T., 2000) have stated that the surface 
hydroxyl groups in their Nafion-silica composite membranes can strongly attract H2O 
molecules through hydrogen-bonding. This hydrogen-bonded network can facilitate 
proton hopping with the aid of bulk liquid-like H2O molecules in successive hydration 
layers. Lepiller et al have synthesized composite membranes with 5 wt% RuO2.xH2O, 
a mixed electronic–protonic conductor, as an additive to Nafion (Lepiller C., 2008). 
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The measured conductivity was unchanged with relative humidity and was much 
higher than that of Nafion. Choi et al. have observed improved water uptake at 90oC 
in Nafion–sulfated zirconia nanocomposites prepared by sol–gel processing compared 
to that in unmodified Nafion. The authors also developed a thermodynamic model to 
understand proton transport in the composite membrane (Choi et al., 2005). Ye et al 
have prepared the composite membrane by permeating Nafion with a mixture of water 
and tetraethyl orthosilicate (TEOS) and treating the membrane at 170oC (Ye et al., 
2007). They found that silica in Nafion have two opposing effects. At low TEOS 
concentrations, small silica particles with no residual ethyl groups form along with a 
hydrogen-bonded network that retains H2O molecules and enables proton transport. 
This is desirable for elevated temperature operation. At high TEOS concentrations, 
the silica particles are larger and have residual ethyl groups. These large particles 
disrupt the hydrogen-bond network and block the pathways for proton transport.  
 
The proton conductivity of the composite membranes containing the less proton 
conductive oxides is normally markedly lowered compared with that of a pristine 
Nafion membrane, this has been improved by nano particle fillers with a functional 
shell or a porous structure through enhancing particle–matrix interactions, introducing 
more ion exchangeable sites as well as improving the moisture retention ability (Tay 
et al., 2008; Pereira et al., 2008 and Ye et al., 2007). In the case of DMFC, the 
methanol crossover could be obviously suppressed (Tay et al., 2008). Sulfated 
zirconia nanoparticles were evaluated in a recent work as the inorganic filler in the 
formation of composite Nafion-based membranes due to their strong acidity and water 
affinity (D’Epifanio A. et al., 2010). Two types of sulfated zirconia were obtained 
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according to the preparation experimental conditions and the resulted SZrO2(t)/Nafion 
membranes were prepared by a casting procedure. The water uptake, measured at 
room temperature in a wide relative humidity range, was higher for the composite 
membranes. The SZrO2(t)/Nafion membrane was used in a fuel cell working at 70oC 
in the range 30-100% RH. In comparison with an unmodified Nafion-based cell, the 
greatest enhancement was found by using the composite membrane electrolyte at 30% 
RH. For example, the current density for unfilled Nafion was 680 mA.cm-2 at 0.6 V 
and RH 83%, whereas 1015mA.cm-2 was achieved for the composite membrane. This 
result is considered very attractive in view of potential application in fuel cells for 
transportation. Nafion/SiO2 composite samples were prepared via in-situ sol gel 
method and then sulfonated with concentrated sulfuric acid to obtain Nafion/S-SiO2 
composite membranes. Single cell tests show that the performance of Nafion/S-SiO2 
composite membranes substantially exceeds Nafion and Nafion/SiO2 at 110oC and 
59%RH, and in the initial testing stage no performance reduction is observed (Ke C. 
C. et al., 2011). 
 
Recently there are a few papers about the utilization of carbon nanoparticles for 
fabrication of Nafion composite membranes. Carbon materials, such as carbon 
composites, carbon nanotubes, carbon black, and modified graphite carbon nanofibers, 
normally are used as electrocatalyst supports (Liang et al., 2002; Steigerwalt et al., 
2002 and Wang et al., 2007). Due to the electron conductive nature of the carbon 
materials, the using of it in the PEM is considered risky and therefore low dosage is 
recommended. In one example (Chai et al., 2010), Nafion–carbon (NC) composite 
membranes were prepared by hydrothermal treatment of commercial Nafion 
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membrane (N117) impregnated with 5% aqueous glucose solution at 190oC for 1-4 
hours. Their study showed that the composite membranes had improved proton 
conductivity compared with the plain Nafion membrane, and the membrane with a 
carbon loading of 3.6 wt% possessed the highest proton conductivity. The membrane 
was used in the methanol fuel cell and the methanol crossover was dropped drastically 
with the rising of the carbon loading which was attributed to the structural changes. 
However, they only observed the enhanced single H2/O2 fuel cell performance at room 
temperature. 
 
In another example, high content of sulfonated carbon spheres (SCS) were employed 
with perfluorinated ionomers (Nafion) as a binder, with the weight ratio 1:1, to make 
PEM membranes for polymer electrolyte membrane fuel cells (PEMFC) (Choi et al., 
2011). Hot-pressing produced a symmetric, thin membrane with SCS particles 
concentrated in the center of the membrane and therefore the SCS can be considered 
as being insulated from the other parts of the fuel cell. Relative to Nafion, the 
composite membrane showed higher density of sulfonic acid groups and increased 
water retention capacity. The maximum power density of the SCS600 membrane in a 
H2 single cell test was 587.6 mW/cm2 at 70oC under humidified condition, showing 
significant improvement over recast Nafion membrane (470.4mW/cm2). At 100oC, the 
composite membrane also performed better over the Nafion membrane although both 
showed poor performance. Their membrane also showed much improved tolerance to 
chemical degradation by oxygen radical species. In this work, the unusual high ratio 
of the SCS in the MEA could be risky if the process was not reproducible. In another 
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word, should the SCS was not completely embedded inside Nafion polymer, there 
will be high risk of short-circuits caused by the electrical conductivity of carbon. 
 
2.2.2 Nanotubes dispersed in Nafion membranes 
 
In the search for alternatives to oxides nanoparticles that combine inherent good 
proton transports and water retention, with low cost, low toxicity, attention has 
focused recently on carbon nanotubes (CNTs) and TiO2 nanotubes as filler in Nafion 
based composite membranes. This offers certain advantages for the optimization of 
the performance: 1. long dimension ensures good proton transport between the 
tubes/wires, and 2. short (nanometer) dimensions ensure good dispersion in the 
polymeric matrix, which impact upon the mechanical properties (Kumar et al., 2009). 
Nafion has been used for the successful dispersion of CNTs (Landi et al., 2002 and 
Wang et al., 2003). The components were mixed in solution, and the resulting blends 
have been widely used in the development and construction of sensors and electrodes. 
 
One of the major issues of using carbon materials to modify the PEM membrane is 
the risk of short-circuits caused by the electrical conductivity of carbon. Liu et al. 
proposed to synthesize hybrid membranes by keeping the CNT contents below the 
percolation threshold (Liu et al., 2006). They showed that 1 wt% of CNTs could 
improve the mechanical properties of CNT-modified Nafion membranes. However, 
the modification did not increase the proton conductivity and fuel cell performance 
possibly due to the poor dispersion of the non-sulfonated CNTs in the Nafion matrix 
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which is the another major problem of the utilizing of CNTs.  The CNTs tend to 
aggregate as bundles due to the strong intrinsic van der Waals forces and they are 
therefore difficult to disperse into the polymer matrix. At the same time, the smooth 
surface of the nanotubes and the lack of interfacial bonding, limits the applications. It 
is important to disperse the CNTs homogeneously inside the polymer matrix in order 
to realize the potential and a strong interfacial interaction between the CNTs and the 
polymers is necessary in order to maximize the advantages of CNT reinforcement.   
 
There were many researchers working on the functionalization of the CNTs to 
improve its compatibility with Nafion polymer as well as to improve the proton 
conducting ablity. Carboxylic acid-functionalized multi-walled carbon nanotubes 
(MWCNTs) were prepared by melt-extrusion within Nafion membranes in order to 
decrease methanol crossover without deleterious effect on the ionic conductivity 
(Thomassin et al., 2007). The tensile modulus of prepared composite increased 
significantly but there was no report on the thermal degradation and thermo-
mechanical stability of the prepared composite membranes. CNTs-Nafion composite 
membranes were prepared via a melt-blending-compression-moulding technique at 
250 °C (Cele et al., 2010). Using three different types of CNTs such as pure CNTs 
(pCNTs), oxidised CNTs (oCNTs) and amine functionalised CNTs (fCNTs); the 
effect of CNTs surface oxidation as well as functionalisation in composite membranes 
was investigated by focusing on three aspects: thermo-mechanical stability, thermal 
degradation and proton conductivity. For each composite, the amount of CNTs 
loading was fixed to 1 wt% to avoid short circuiting in fuel cell. The composite 
membrane containing 1 wt% of oCNTs shows dramatic improvement in thermo-
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mechanical stability compared to the pure Nafion and other composite membranes 
without scarifying the proton conductivity and was proposed to due to the high level 
of compatibility between the CNTs outer surfaces and the Nafion matrix. No fuel cell 
performance was evaluated in this work. 
 
Pillai group et al demonstrated that only 0.05 wt% of sulfonated singlewalled CNTs 
(S-SWCNT) is effective to increase the proton conductivity of Nafion-based 
membranes at 60oC from 0.09 to 0.56 S/cm. The prepared Nafion/S-SWCNT 
composite membrane showed better fuel cell performances compared to the Nafion 
membrane. The optimum loading of S-MWCNT to the Nafion membrane was found 
to be 0.05 wt% (Kannan R. et al., 2008 & 2009). And they proposed that the 
nanotubes help to form better channel-like networks in the composite membrane for 
faster proton transport through the membrane. The sulfonated CNTs may have 
interconnected some of the proton conductive domains of Nafion and the increasing 
of the sulfonic acid content of the S-CNTs helps to enhance the compatibility between 
the CNTs and the Nafion matrix.  
 
Polysiloxane-functionalized MWCNTs was prepared by covalently grafting a 
hydrophilic layer composed of poly(oxyalkylene)diamines and tetraethyl  orthosilicate 
(TEOS)-reinforced polysiloxane in a layer-by-layer manner onto the tube walls and it 
was then utilized as an additive for the modification of Nafion membranes (Chen et 
al., 2008). Better dispersion of the CNTS in the hybrid membranes was achieved 
through the electrostatic interactions between the amine and the sulfonate groups on 
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the Nafion molecules and a non-conductive protective layer was formed outside of the 
CNTs prohibiting the electron conduction between the CNTs. In addition to acting as 
a robust scaffold, the polysiloxane’s backbone also provides bonding sites for 
hydrogen bonding with water. The hydroxyl and amino functionalities and silica 
nodes allow the formation of a bound water layer that facilitates the hopping of 
protons. Continuous pathway for fast proton conduction was proposed (0.028 S/cm at 
30oC) and also the suitable proton conduction at high temperature was obtained 
(0.063 S/cm at 130oC).  
 
CNTs functionalized with the matrix polymers was another way to enhance 
compatibility between CNTs and the matrix polymer in formation of polymer/CNT 
composites having high mechanical strength and other promising properties (Lin Y. et 
al., 2003 and Coleman et al., 2006). Compared to other organic moieties and polymer 
chains, Nafion seems to be the reagent of choice for the functionalization of CNTs so 
as to introduce high sulfonic acid content onto CNTs and to enhance the compatibility 
of the modified CNTs to the Nafion matrix. In Liu et al.’s work, Nafion-
functionalized MWCNTs (MWCNT-Nafion) was prepared through an ozone-
mediated process (Liu, Y. L., 2010). This functionalization is based on the radical 
addition reaction between the MWCNT surfaces and the radicals of ozone-treated 
Nafion chains (Chang et al., 2010 and Liu, Y. L. et al., 2007). The MWCNT-Nafion 
exhibits a high compatibility with the Nafion matrix in Nafion/MWCNTNafion 
composite membranes. With a MWCNT-Nafion loading of 0.05 wt%, the resulting 
composite membrane exhibits a 5-fold increase of proton conductivity (at 60oC) 
compared to that of the neat Nafion membrane. The composite membrane 
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consequently gives high fuel cell performances, i.e. a current density at 0.6 V of 1556 
mA cm-2 and a maximum power density of 650 mWcm-2, both 1.5-times of the values 
for the pristine Nafion membrane.  
 
Similarly, TiO2-based nanotubes (TiO2-NT) with a high specific surface area and ion-
changeable capabilities have been considered for use in a variety of applications 
(Morgado et al., 2007; Park et al., 2003; Matos et al., 2007 and Ou et al., 2007). 
Matos et al. employed TiO2-NT in high temperature PEMFC Nafion composite 
membranes. Their results indicated that the addition of TiO2-NT resulted in a decrease 
in the overall proton conductivity, attributed to the low conductivity of the nanotube 
additives within the Nafion matrix. An enhanced fuel cell performance, however, was 
observed at temperatures greater than 120oC, which can be attributed to the larger 
water retention capacity of TiO2-NT originating from their high specific surface area 
(Matos et al., 2007). In a more recent work, TiO2-nanotube (NT) was functionalized 
by using 3-mercaptopropyltri-methoxysilane (MPTMS 98 wt %) as a precursor for the 
formation of sulfonate groups (Yu J. et al., 2011). These nanotubes have a high 
specific surface area and resulted in highly ordered nanotube arrays which provide 
excellent pathways for protons. Moreover, functionalization providing sulfonate 
groups which help to increase the proton conductivity of these materials and therefore 
the composite membrane show a much higher conductivity than the unmodified one. 
At the temperature of 80oC, the conductivity of functionalized TiO2-NT (F-TiO2-NT) 
was as high as 0.08 S/cm. The higher conductivity of F-TiO2-NT increased the proton 
conductivity of the composite membrane at higher temperatures and low relative 
humidity compared to pure Nafion. At 120oC and a relative humidity of 30%, the 
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proton conductivity for the composite membrane was 0.067 S/cm, whereas for a pure 
Nafion membrane a proton conductivity of only 0.012 S/cm was found. No fuel cell 
data was presented in this work. 
 
Nafion/titania-based fillers composites were also prepared by Matos et al. Three types 
of titania-based fillers were studied and the various properties of the resulted 
membranes were compared in detail: commercial Degussa (now Evonik) P25 Titania 
(TP25), mesoporous anatase particles (TMP), and hydrogen titanate nanotubes (TNT) 
(Matos et al., 2011). In their study, the nanoparticles TMP and TP25 did not change 
significantly the water absorption/ retention of composite electrolytes. However, the 
addition of TNT, a proton-conducting phase with both high surface area and high 
water retention capacity, was found to significantly enhance the properties of 
composite electrolytes without decreasing considerably the proton conductivity. It 
even showed a significant boost of H2/O2 PEMFC performance and enhanced stability 
at 130oC comparing with the fast declining of the performance for the non modified 
Nafion membrane under the identical conditions. It was proposed that the addition of 
TNT changes more markedly the physical properties of the composite electrolytes as 
compared to titanium oxide nanoparticles with different surface area, a feature 
probably related to the intrinsic hydration and proton conductivity of the nanotubes 
(Matos et al., 2011). 
 
TiO2 nanowire-reinforced Nafion composite membranes for elevated temperature fuel 
cells are developed by self-assembly of positively charged TiO2 nanowires and 
negatively charged Nafion molecules at low pH value condition (Wang Z. B., 2011). 
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At 50 RH% and 90oC, the cell assembled with Nafion/TiO2 nanowires composite 
membranes (5wt% TiO2) has stable performance and achieves a voltage of 0.59V at a 
current density of 600mAcm−2, about 93% of that at 100 RH%. Self-assembly of the 
TiO2 nanowire also improves the mechanical properties of the composite membrane 
both at different temperatures and humidity conditions. At the temperature close to 
the glass transition temperature, the TiO2 nanowires remarkably reinforce the physical 
dimension of the membrane when the Nafion polymer structure is destroyed. Finally, 
in an in situ RH-cyclic accelerating experiment, the degradation of the fuel cell OCV 
assembled with Nafion-TiO2 nanowire composite membrane (5wt% TiO2) was only 
6.1 mV/h, compared to 16.3 mV/h for that of the pure Nafion PEM. 
   
 
Other than above, nanofibers of polyvinyl alcohol (PVA) were incorporated into 
Nafion matrix to make novel nanocomposite membranes, named NAF/PVA. The 
main focus was to reduce methanol crossover in the DMFC. The nanofibers were 
obtained by electrospinning of a water solution of the PVA with a cationic surfactant 
additive. The external surface of such nanofibers was functionalized with sulfonic 
groups to maintain the high proton conductivity of Nafion (Molla S. et al., 2011 and 







2.2.3 Mesoposous materials dispersed in Nafion membranes 
 
Apart from the materials used presently, mesoporous metal oxides have drawn great 
attention for potential applications as intermediate temperature proton conductors due 
to their high structural order, thermal stability and the superior water adsorption 
properties of mesopores (Marschall et al., 2007; Daiko et al., 204 and Ahmad et al., 
2006). The high surface area of such materials at the same time provides a significant 
amount of active sites for additional functionalization to improve the proton 
conductivity. For example, the internal pores can be functionalized with protogenic 
functional groups such as –SO3H, –PO3H2, –COOH to serve as potential conductive 
pathways for protons. Therefore, the introduction of such structure into Nafion is 
expected to significantly enhance the water retention capability of the membrane 
without a detrimental effect on the mechanical and chemical properties of the Nafion 
membranes. And therefore it is possible to achieve high conductivity and performance 
for PEMFCs operated in low humidity or even dry gas conditions. Sambandam and 
Ramani (Sambandam et al., 2007) reported that the properties of such composite 
membranes were greatly influenced by the distribution of fillers in the membranes, 
and the high surface-to-volume ratio of fillers was favourable in the property 
enhancement. Some attempts have been made to use mesoporous particles as 
inorganic fillers to modify PFSA membranes (Tominaga et al., 2007; Lin Y. F. et al., 
2007 and Karthikeyan et al., 2005), where improved intermediate temperature proton 
conductivity and reduced methanol crossover (for the case of DMFC) have been 
obtained compared with the pristine membrane. Some of these fillers have a large 
particle size and irregular morphology, which results in the agglomeration of fillers in 
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the composite membrane (Tominaga et al., 2007).Pereira F. et al. have used a sol– gel 
process to make hybrid membranes of Nafion and mesoporous silica containing 
sulfonic acid groups and better dimensional stability and proton conductivity at 95oC 
compared to Nafion 112 (Pereira F., 2008) were observed. With increasing silica 
content, the IEC decreased while the water uptake increased because of the high 
surface area of mesoporous silica and presence of hydrophilic sulfonic and silanol 
groups inside the mesopores. The optimal silica content was determined to be 13wt%. 
A proton exchange membrane of Nafion-phosphotungstic acid/mesoporous silica with 
hydrophilic capillaries has been fabricated to improve the elevated temperature 
performance of the PEM fuel cells (Yan et al., 2009). Due to the hydrophilic 
capillarity of the mesoporous structure, the composite membrane can retained 23.7 
wt% of water after in 100oC for 2 h. The composite membrens was found to show a 
steady performance at 120oC and 25 RH%.  
 
In another work, Nafion composite membrane was synthesized by incorporating 
mesoporous MCM-41 silica nanospheres with a highly ordered two-dimensional 
hexagonal structure (Jin et al., 2008). The nanospheres were prepared by a 
cetyltrimethylammonium bromide aided sol-gel process. The incorporation of 
mesoporous silica nanospheres enhances water retention properties, improves thermal 
stability, and reduces methanol crossover of pristine Nafion though the proton 
conductivity of the composite membranes decreases with the increase in the amount 
of fillers, a reduction of about 10–40% is observed in comparison with pristine Nafion. 
Composite containing 1 wt% of fillers displays a higher OCV and a better DMFC 
performance than the Nafion cast membrane. In Hong L. Y. etc’s work, a inorganic 
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hydrophilic SiO2–TiO2–SO3H resins consisting of an ordered mesoporous SBA-15 
structure (BET surface area 300-400 m2/g) were prepared by the binary sol–gel 
reaction of TEOS–TiCl4 with a templating surfactant Pluronic P123 and subsequent 
incorporation of a chelating catechol sulfonate salt (4, 5-dihydroxy-m-
benzenedisulfonic acid disodium salt) that allowed stable mesostructures and 
excellent hydrophilicity to be maintained under various conditions (Hong L. Y. et al., 
2011). The composite membranes made by the directly casting of the additive (9%) 
and the commercial Nafion solution showed strong water retention capabilities, 
superior proton conductivity (even at 120 ◦C and 25% RH), as well as a slightly 
improved current density at 30% RH and 70 ◦C, compared with those of the 
unmodified Nafion membrane. 
 
Recently, highly conductive and hydration retentive mesoporous silica/Nafion 
(Nafion–TEOS) and phosphonic acid-grafted mesoporous silica/Nafion (Nafion–
TEOS–PETES) membranes were prepared by a surfactant templated sol–gel process 
involving Nafion solution and silica precursors (Joseph et al., 2011). These hybrid 
membranes exhibited an increased water uptake and an associated conductivity 
enhancement at 100% RH, compared to unmodified Nafion. More significantly, the 
functionalized silica/Nafion membranes show high proton conductivities at 80oC and 
50% RH (0.049 S/cm and 0.014 S/cm) for the Nafion–TEOS–PETES and Nafion–
TEOS membranes), which is more than 6 times higher than that of Nafion membrane 
(0.008S/cm). Here, the phosphonic acid function was used as an alternative for the 
sulfonic acid in the post-oxidation reaction due to the stability conferred in humid fuel 
cell environments and the water holding ability of the –PO3H2 groups (Schuster et al., 
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2005). In fact, there is an increasing interest in using the phosphonic acid functions as 
an alternative for the sulfonic acid groups in fuel cell membranes operating in 
humidified environments and intermediate temperatures (Brunklaus et al., 2009; Li S. 
et al., 2006; Yamada M. et al., 2005 and Allcock et al., 2002). However, the low room 
temperature conductivity of these systems and the relative weak acidity of the 
phosphonic acid groups limit the application and therefore it was suggested to be used 
in low content together with commonly employed sulfonated materials to ensure the 
required high conductivities in the entire temperature range of fuel cell operation.  
 
In a summary, most of the reported results have indicated that the water retention on 
high surface area oxide particles at elevated temperature is the predominant effect for 
the improved performance of PEMFCs (Alberti G. et al., 2003 and Baglio V. et al., 
2005). However, due to the complex nature of the Nafion structure and the intricate 
interactions between the polymer and the oxide particles, a clear understanding of the 
effects of the oxide particle addition on the PEMFC properties is still a matter of 
discussion (Adjemian K.T. et al., 2006 and Truffier-Boutry D. et al., 2007). 
 
2.2.4 Other materials dispersed in Nafion membranes 
 
Polyhedral oligomeric silsesquioxane (POSS). In contrast to metal oxide 
nanoparticles, POSS is a molecule that could also be regarded as a hybrid nanoparticle 
since it has rigid and hydrophobic cube-octameric siloxane skeleton (about 1–3nm in 
size) with eight organic vertex groups, one or more of which are reactive or 
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polymerizable (Feher F. J. et al., 1999; Lichtenhan et al., 1995; Haddad T. S., et al., 
1996; Phillips S. H. et al., 2004 and Cordes D. B. et al., 2010). Because of their 
multifunctional nature, POSS has been used as a versatile additive in the 
nanocomposties and catalysts for acquiring enhanced properties (Huang J. C. et al., 
2003; Wright M. E. et al., 2003; and Xu H. et al., 2007).  
 
There were only few investigations about the utilizing of POSS in PEMFCs with 
some of the latest examples given here. Surya Subianto et al have made a type of 
three-phase composite PEM utilizing ionic liquid (IL) [1-butyl-3-methylimidazolium 
bis-(trifluoromethylsulfonyl) imide] in a Nafion-sulfonated POSS hybrid membrane. 
The multifunctional nature and small size of sulfonated POSS (S-POSS) were 
believed to enable strong interaction with the Nafion matrix and act as a reinforcing 
agent to improve thermal stability and mechanical properties. At the same time, the 
sulfonic acid functionalities on S-POSS help to improve the ability of the membrane 
to uptake water; and the addition of ionic liquid increased the conductivity of the 
membranes under both anhydrous and low-humidity conditions. At 120°C, the 
Nafion-S-POSS-IL composite membrane shows a significantly greater proton 
conductivity (0.6 ms/cm) and modulus compared to those of both Nafion and the 
Nafion-IL membrane, exhibiting a cumulative effect from the addition of S-POSS and 
IL (Surya Subianto et al., 2009). In Zhang et al.’s work (Zhang X.H. et al., 2009), 
polyacrylonitrile short chains was grafted onto POSS structure by atom transfer 
radical polymerization (ATRP). The resulted particles were introduced into Nafion to 
make composite membranes which manifests an increase of 122% in power output of 
DMFC at 80 ◦C. This enhancement is associated with the initial clustering of POSS 
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particles in the SPFP matrix when the POSS content reaches to 5 wt%. It was found 
that the Nafion molecules wage dual interactions on the POSS particles as shown in 
the Figure 2.2. In another work by the same group (Zhang X.H. et al., 2008), the 
recast Nafion composite membrane modified by a designed amount of POSS block 
also manifested obvious improvement on both repression of methanol permeability 
and promotion of power density output of the single direct methanol fuel cell (DMFC).  
 
Figure 2.2 illustrative representation of the matrix compressing effect on proton 
conducting channel (PCC) (Zhang X. H. et al., 2009). 
 
Xu K. et al prepared Nafion/sulfonated POSS composite membranes with varied filler 
concentrations from a sulfonic acid containing oxide precursor. The sulfonated 
polysilsesquioxane filler provides higher IEC and water uptake and therefore enables 
efficient proton conduction. The pendant sulfonic acids on the POSS fillers are 
believed to promote proton conduction through providing the connectivity of the 
proton transport channels between the fill and matrix phases in the composite 
membranes, resulting in proton conductivities higher than those of pristine Nafion 
over a range of temperatures up to 120oC and relative humidities (30-90% RH). To 
date, the enhancement of the proton conductivity and water retention was observed 
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for various hybrid membranes of POSS with conducting polymers such as Nafion. 
However, the mechanical properties of these hybrid membranes are still poor (Laberty 
R. C. et al., 2011) and the fuel cell data were lack in some of the works. 
 
Clay and grapheme based fillers. Layered silicate or clay, composed of micrometre-
sized particles, has been used for the preparation of Nafion-based membranes in the 
recent years. The layered silicate particles generally used for the preparation of 
nanocomposites belong to the family of 2:1 layered or phyllosilicates [Sinha Ray S. et 
al., 2003; Pavlidou S. et al., 2008; Alonso R. H. et al., 2009 and Burgaz E. et al., 
2009]. The layer thickness is around 1 nm, and the lateral dimensions of these layers 
may vary from 30nm to several mm or larger, depending on the particular layered 
silicate. The application of this strategy relies on the dispersing degree of the layers in 
the polymer matrix. There may have three typical situations such as (i)  
microcomposites, where the silicate layers are not intercalated  by the polymer chains, 
(ii) intercalated nanocomposites, where insertion of polymer chains into the silicate 
structure occurs in a crystallographically  regular fashion, regardless of the polymer to 
layered silicate ratio, and a repeat distance of few nanometer, and (iii) exfoliated 
nanocomposites, in which the individual silicate layers are separated in the polymer 
matrix by average distances that totally depend on the layered silicate loading 
(Laberty R. C. et al., 2011; Nonhlanhla Cele et al., 2009; Lim S. K. et al., 2002; Kim 
H. B. et al., 2005). 
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Montmorillonite (MMT) is the most commonly used clay minerals for the preparation 
of nanocomposites. The presence of high aspect ratio (length to width) filler is 
expected to decrease significantly the MeOH crossover of the Nafion membrane in 
DMFC as a result of a much longer pathway. For example, in Burgaz E. et al.,’s work, 
the the swelling of the Nafion–clay (Sodium montmorillonite) hybrid membranes in 
water and methanol is dramatically reduced while their selectivity (ratio of 
conductivity over permeability) increases compared to pure Nafion (Burgaz E. et al., 
2009).  Using cryo-TEM they show that the clay particles in the hybrid gels form a 
network structure with an average cell size in the order of 500 nm.  Alonso R. H. et 
al.’s work also observed a much improved methanol blocking effect while at the same 
time maintaining relative acceptable proton conductivity (Alonso R. H. et al., 2009). 
Modified Laponite (a type of commercial synthetic hectorite clay) was incorporated 
by Fatyeyeva K. et al. into Nafion® films and contributed to an increase of the proton 
conductivity of composite membranes at high temperatures (85oC) up to ~53% in 
comparison with that of pure Nafion® film (49.9 mS/cm compared to 32.7 mS/cm, 
respectively) (Fatyeyeva K. et al., 2011). Pt-Clay/Nafion Nanocomposite Membrane 
for Self-Humidifying PEMFCs was designed by Zhang et al. The power density at 0.5 
V of a single cell (fuelled by dry reactant gases) made of the composite membrane 
was 723 mW/cm2, which is 170% higher than that of Nafion 112 membrane of similar 
thickness (Zhang W. J. et al., 2008). Nafion hybrid membranes based on smectite 
clays were synthesized by solution intercalation and characterized by different 
techniques (Nicotera I, et al., 2011). One synthetic (Laponite) and two natural 
(Kunipia and Swy-2) layered aluminosilicate minerals with different physical and 
structural properties were tested as fillers in order to understand how basic parameters 
of the clays, such as particles size and layer charge density, can influence the final 
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properties of the nanocomposite membranes. A remarkable behaviour at high 
temperature is observed, where composite membranes maintain stable and 
unwavering diffusion for many hours and in conditions of not humidification, proving 
the exceptional water retention property of these materials. The hybrid membranes are 
much stiffer and can withstand higher temperatures compared to pure Nafion, hence 
both these characteristics are highly desirable for use in fuel cell applications. 
      
   
Figure 2.3 Graphene (top left) is a honeycomb lattice of carbon atoms. Graphite (top 
right) viewed as a stack of graphene layers. Carbon nanotubes are rolled-up cylinders 
of graphene (bottom left). Fullerenes (C60) consist of wrapped graphene through the 
introduction of pentagons on the hexagonal lattice 
 
Graphene is believed to be composed of benzene rings stripped of hydrogen atoms 
and is generally considered as two dimensional carbon nanofiller with a one-atom-
thick planar sheet of sp2 bonded carbon atoms densely packed in a honeycomb crystal 
lattice (Kuilla T. et al., 2010) . It is the basic structural unit of some carbon allotropes, 
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including graphite, carbon nanotubes and fullerenes (Figure. 2.3). As the “thinnest 
material in the universe”, grapheme has high thermal conductivity, superior 
mechanical properties and excellent electronic transport properties (Dreyer R. D. et al., 
2010; Wang G. et al., 2008 Blake P. et al., 2008 and Li X. et al., 2008). Graphene 
oxide (GO) is heavily oxygenated graphene bearing hydroxyl, epoxide, diols, ketones 
and carboxyls functional groups which therefore can alter the van der Waals 
interactions significantly and be more compatible with organic polymers (Dikin A. K. 
et al., 2007; Vickery L., 2009; McAllister M. J. et al., 2007; Dreyer, D. R. et al., 2010; 
Liang, J.; Huang, Y. et al., 2009).  
 
Polymer/graphene nanocomposites show superior mechanical, thermal, gas barrier, 
electrical and flame retardant properties compared to the non modified polymer (Cao 
Y. C. et al., 2011). The improvement in the physicochemical properties of the 
nanocomposites depends on the distribution of graphene layers in the polymer matrix 
and the interfacial bonding between the graphene layers and polymer matrix. In Liu Y. 
Q. et al.’s work, Nafion was used to aid the preparation of stable graphene dispersions 
in mixed water/ethanol solvents via the in-situ reduction of graphite oxide using 
hydrazine (Liu Y. Q. et al., 2009). It was proposed that the Nafion adsorbed onto the 
graphene by the hydrophobic interaction of its fluoro-backbones with the graphene 
layer and imparted stability by an electrosteric mechanism. Ansari S. et al.’s group 
dispersed highly aligned graphene nanosheets in Nafion matrix. To obtain this, 
graphite oxide-Nafion nanocomposites (GO-Nafion) were firstly casted from an 
aqueous suspension. Then, the GO platelets were chemically reduced in situ by 
exposing the GO–Nafion nanocomposites to hydrazine to produce well-aligned 
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graphene–Nafion nanocomposites (GS–Nafion). The GS–Nafion composite 
membrane show conductivity of 1.3 Sm-1, compared to those of GO-Nafion (4x10-
2Sm-1) and Nafion (10-9Sm-1) under anhydrous conditions. However, the conductivity 
of the GS–Nafion was believed to be electronic. The dramatic enhancement of 
electrical conductivity indicated sufficient accessibility of the inorganic nanosheets to 
the reducing agent, through the nanochannels formed by the polymeric ionic domains.  
Although the fabrication of polymer and/or inorganic nanocomposites containing 
graphene and its derivatives is promising for electrical and mechanical applications 
(Bao, Q. et al., 2010; Ansari, S. et al., 2010; Kim H. et al., 2010 Liang J. et al., 2009), 
ionic (not electronic) conductive nanocomposites including functionalized graphenes 
have not been well explored yet. Upon incorporation in Nafion, the unique structure 
and high surface area of the graphene materials may provide more proton transport 
channels and hold more water, which could be beneficial for the improvement of the 
proton conductivity and mechanical properties of the membranes as showm in the 
below examples.. 
  
Sulfonated graphene oxide (SGOs) were incorporated into Nafion matrix (Choi B. G. 
et al., 2011). It was found that the SGO sheets remained exfoliated, randomly 
dispersed and tightly held in the Nafion matrix due to the strong interfacial 
interactions. These SGON membranes showed unique enhancement of proton 
conductivities, while decreasing the methanol crossover. This was proposed due to the 
reduction of cluster size, the larger portion of bound water within the reorganized 
nanochannels, and/or the enhancement of tortuosity in the composite membranes 
comparing to the non modified pure Nafion membrane. In another work, sulfonic 
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acid-functionalized graphene oxide Nafion nanocomposite (F-GO/ Nafion) was 
presented as a potential PEM replacement for high temperature PEMFC applications 
(Zarrin H., D. et al., 2011). The GO nanosheets were produced from natural graphite 
flakes by the modified Hummer’s method and then functionalized by using 3-
mercaptopropyl trimethoxysilane (MPTMS). Proton conductivity and single cell test 
results demonstrated significant improvements for F-GO/Nafion membranes. At 
120oC and 30% relative humidity, the proton conductivity of 10wt% F-GO/Nafion 
was 0.047S/cm, compared to 0.012S/cm for the recast Nafion membrane. It was 
believed that F-GO holds more water and consequently could facilitate the transfer of 
more protons since F-GO has an extremely high surface area with an enormous 
amount of sulfonated functional groups. The power density for 10wt% F-GO/Nafion 
was 0.15W/cm2, about 3.6 times higher than that of recast Nafion (0.042W/cm2). The 
F-GO incorporation in this work clearly offers substantial PEMFC performance 
improvements at elevated temperatures; however, a clear elaboration of the 
correlation between the microstructure of membrane with proton transport is needed 
for the further investigations about Nafion/graphene composite membrane. 
 
Heteropolyacids (HPAs). HPAs are nano-sized metal-oxygen anion clusters with 
unique variety in structure and strong acidity (Meng F. et al., 2007). Their acid–base 
and redox properties can be varied over a wide range by changing the chemical 
composition (Kozhevnikov I.V., 1998). The Keggin-type HPAs have received the 
most attention due to the ease of preparation and strong acidity. HPAs have been 
incorporated into the membranes to improve their structure and functionality and 
produce composite membranes.  The HPAs increase the binding energy of water 
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and/or proton conductivity. HPA-incorporated composite solid electrolyte for 
application in the fuel cell has been given more attention. In the recent years, many 
reports have focused on preparing Nafion/HPA composite membranes with different 
HPAs (phosphotungstic acid (PTA), silicotungstic acid (STA), phosphomolybdic acid 
(PMA) and silicomolybdic acid (SMA) and different HPA concentrations The 
matrices have been reported are Nafion and Nafion composites (Amirinejad M. et al., 
2011; Tian H. et al., 2006; Yan X. M. et al., 2009 and Sauk J. et al., 2005), sulfonated 
polymers such as sulfonated poly(ether ether ketone) (Colicchio F. et al., 2009) and 
sulfonated polysulfone (Smitha B. et al., 2005), hydrophilic polymers such as chitosan 
(Cui Z. et al., 2007), high temperature and high mechanical resistances polymers such 
as polybenzimidazole (Oh S. Y. et al., 2010) and inorganic matrices such as P2O5–
SiO2 (Uma T. et al., 2007) and MCM-41 (Ahmad M. I. et al., 2006 and Inoue T., 
2008).  
 
Malhotra and Datta (Malhotra and Datta, 1997) first proposed the incorporation of 
PTA in the Nafion membrane with the objective of serving the dual functions of 
improving water retention as well as providing additional acidic sites. Thus, they 
doped Nafion membranes with PTA, and were able to show high fuel cell 
performance at lower RH and elevated temperature (120oC). Unfortunately, due to 
high water solubility, the PTA eventually leaches out from the PEM. Ramani et al. 
(Ramani et al., 2004) have more recently shown that Nafion-PTA membranes can be 
stabilized by heat treatment and the leaching of PTA can be reduced. In addition, this 
research group also evaluated the performance of Nafion/PTA, Nafion/PMA, 
Nafion/STA and Nafion/SMA at temperatures between 80oC and 120oC and under 
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ambient pressure with cathode inlet relative humidities (CIRH) ranging from 100 to 
35%.  Cesium hydrogen salt of heteropolyacids (CsHPs) including Cs2.5H0.5PMo12O40 
(CsPMo) and Cs2.5H0.5PW12O40 (CsPW) are incorporated into Nafion to produce 
stable nanocomposite membranes at the moderate temperature/low relative humidity 
(RH). The conductivity of the composite membranes at anhydrous and high-
temperature condition is higher due to the additional water retention or additional 
surface functional sites. The nanocomposite membranes have better performance in 
the PEM fuel cell test at temperatures 60, 80 and 100 ◦C (35% RH, ambient pressure) 
than plain Nafion membrane (Mehdi Amirinejada et al., 2011). However, the 
influence of HPAs on proton transport is not clear. Despite the better water retention 
at higher temperatures, the performance of cells based on Nafion/HPA composite 
deteriorates over time due to acid leaching out of the membranes which is the major 
limiting factor.  
 
Polymeric materials. Nafion/conducting polymer composites have extraordinary 
properties such as the combination of the high cationic conductivity of Nafion with 
the electrocatalytic activity of the conducting polymer (Langsdorf B. L. et al., 2003). 
Polyaniline/Nafion composite membranes and polypyrrole/ Nafion composite 
membranes have separately been investigated as cation-repellant layers for fuel cell 
applications (Yang J. Y. et al., 2009; Wang C. H. et al., 2009; Sapurina I. Y. et al., 
2009; Sungpet A., 2003 and Park H. S. et al., 2005). In Yang J. Y. et al.’s work, a 
Nafion/polyaniline (PANI) composite membrane was fabricated using an in situ 
chemical polymerization method. The composite membrane showed higher proton 
conductivity and better single fuel cell performance than those of Nafion 112 at low 
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humidity (Yang J. Y. et al., 2009). The high conductivity of the Nafion/PANI 
membrane at low humidity is hypothesized to be due to the existence of the extended 
conjugated bonds in the polyaniline which facilitate the proton transfer in low 
humidity environments. The Nafion/conducting polymer composite membranes have 
also been highlighted for potential application in DMFC. For example, nanosized 
polypyrrole particles were incorporated into the ionic clusters rather than the nonpolar 
backbone of Nafion in chemical in-situ polymerization by means of ion-dipole 
interaction between the sulfonate groups of Nafion and secondary amonium groups of 
polypyrrole. Compared to Nafion, the composite membrane had about 13% less 
proton conductivity and 43% less methanol permeability (Park H. S. et al., 2005).  
 
In a recent work, polyaniline/Nafion and polypyrrole/Nafion composite membranes 
prepared by chemical polymerization were extensively studied by scanning electron 
microscopy, infrared and nuclear magnetic resonance spectroscopy (Schwenzer B. et 
al., 2011). The fundamental differences in the interaction between Nafion and 
polyaniline or polypyrrole were studied, respectively. Polypyrrole, a weak basic 
polymer, was found to bind less strongly to the sulfonic acid groups of the Nafion 
membrane. Infrared spectroscopy results suggest that the hydrophobic polymer 
aggregates in the center of the Nafion channel rather than attaching to the hydrophilic 
walls containing sulfonic acid groups. Polyaniline, on the other hand, polymerizes 
along the sides of the Nafion pores and on the membrane surface, binding tightly to 
the sulfonic acid groups of Nafion possibly due to the greater basicity of polyaniline 




Other than above, many other Nafion/polymer blends have been reported to be able to 
reduce methanol permeability and solvent exclusion. These systems include 
Nafion/PBI (Ainla A. et al., 2007 and Wycisk R. et al., 2006), sulfonated 
polypropylene oxide oligomers/Nafion (Lin Y. F. et al., 2007), Nafion/poly(aryl ether 
ketone) (Kim I. T. et al., 2007), PEO–PPO–PEO triblock copolymer/Nafion blend 
membranes (Hu J. et al., 2008) and Nafion/poly(1-vinyl-1,2,4-triazole) blends 
membranes in a latest report (Unal Sen et al., 2010).  
 
Dendrimers. Dendrimers are repetitively branched macromolecules that have high 
density of functional groups on the surface and have been used in several fields as 
photochemistry, nanoparticle synthesis, catalysis, drug delivery, chemical sensing, etc 
[Dykes G. M., 2001]. The high density of surface functionality may be used to 
generate nanoparticles with a high IEC. Since dendrimers generally do not form 
freestanding membranes, they are either cross-linked or blended with other polymers. 
Colombo et al. prepared a PEM by covalently linking the acid functional groups of a 
Frechet-type dendrimer through amino or some other bridging groups. In these 
membranes, an increase in ionic conductivity was observed (Colombo D. G. et al., 
2003). Polyamidoamine (PAMAM) dendrimers were blended with Nafion and 
obtained high proton conductivities with lower fuel permeability under low humidity 
and/or at high temperatures, compared to Nafion 117 (Lee J. H. et al., 2006). In a 
latest study, a novel sulfonated organosilicon dendrime (G3-S), having a theoretical 
IEC of 3.7 mmol/g, was incorporated into Nafion matrix to improve the proton 
conductivity of Nafion at low relative humidity and high temperatures (Liyanage A. 
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D., 2011). The hydrophilic nanochannels of Nafion were formed from individual ionic 
clusters (5 to 30 nm) with spacings between these clusters ranging from 3 to 5 nm (O’ 
Dea J. R. et al., 2011 and James P. J. et al., 2000). With the dendrimers, it may be 
possible to mimic the hydrophilic regions of Nafion without the sensitivity to 
temperature and humidity. Since they are nanoparticles with dimensions of 5-6 nm, 
dendrimers may fit into and/or connect the hydrophilic nanochannels improving the 
proton conductivity of Nafion. As expected, the observed proton conductivities for the 
composites were higher, even for loadings as low as 5% (0.133S/cm) compared to 
Nafion® (0.086S/cm). Interestingly, even at 50% relative humidity, the composite 
membranes maintained higher proton conductivities relative to Nafion. No H2 fuel 
cell data were shown.  
 
2.2.5 Process technology 
 
The composite membranes modified by various filler materials can be prepared by: (i) 
dispersion of the filler particles in a Nafion solution followed by casting and (ii) 
generation of the filler particles within a preformed membrane (sol–gel process) 
(Ghassemzadeh et al., 2011). In the casting procedure, the nano particles are first 
ultrasonic until a uniform dispersion is obtained. This procedure should avoid the 
formation of agglomerated particles which otherwise causes an inhomogeneous 
dispersion. Normally, high frequency ultrasonication was employed for the 
deagglomeration and milling of micrometer and nanometer-size materials. The 
membrane is obtained by either directly solution casting on a flat surface or by 
recasting from other solvent followed by solvent elimination.  
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The in situ synthesis, whereby all reactants are mixed before the triggering of any 
cross-linking reaction or polymerization, is done by incorporation of a filler precursor 
in the polymeric matrix by simple impregnation (if the filler is neutral) or by an ion 
exchange reaction (if the filler is a cationic or an ionic species), and subsequent 
treatment of the membrane with the necessary reactants to convert the precursor into 
the final inorganic filler. This approach allows a better dispersion of the inorganic 
network in the polymeric matrix compared to the dispersion of pre-formed 
nanoparticles. Typical examples are the impregnation of ionomeric membranes with 
tetraethoxysilane (TEOS) which is then converted into SiO2 (Stefanithis et al., 1990; 
Mauritz et al., 1990; and Jiang et al., 2006; Mauritz et al., 2000) and Zirconium (IV) 
tert-butoxide (Jalani et al., 2005). Santiago et al effectively incorporated hydrophilic 
anatase TiO2 nanoparticles intoNafion matrix by a low temperature sol–gel synthesis, 
based on the formation of a sol from Ti-peroxy complex (Santiago E.I. et al., 2009). 
The performance of fuel cells using the hybrid electrolytes was found to better than 
that of pure Nafion at high temperatures and low relative humidity (RH).  
 
The in-situ way to introduce polymer inside Nafion matrix often resulted in structure 
of a so-called “inter-penetrating network” (or IPN) or “semi-interpenetrating polymer 
networks” (semi-IPNs). Interpenetrating polymer networks (IPNs) are defined 
according to Sperling as combinations of two or more polymer networks synthesized 
in juxtaposition (Jenkins A. D. et al., 1996; Sperling L. H. et al., 1994 and Chikh L. et 
al., 2011). The IUPAC definition states that an IPN is “A polymer comprising two or 
more networks which are at least partially interlaced on a molecular scale but not 
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covalently bonded to each other and cannot be separated unless chemical bonds are 
broken. Semi-interpenetrating polymer networks are distinguished from 
interpenetrating polymer networks because the constituent linear or branched 
polymers can, in principle, be separated from the constituent polymer network(s) 
without breaking chemical bonds (Jenkins A. D. et al., 1996). This type of 
architecture allows the combination of a polyelectrolyte major component of a fuel 
cell membrane with a hydrophobic polymer partner that limits swelling and 
consequently helps to improve the mechanical properties.   
 
Nafion membranes have been modified to minimize methanol crossover by 
synthesizing semi-IPNs in which Nafion was entrapped (Matsuguchi M. et al., 2006; 
2009; Cho K.Y. et al., 2004; Pan H. et al., 2010 and Li T. et al., 2010). Different 
hydrophilic or hydrophobic polymer networks have been chosen, initiated 
photochemically or thermally (Chikh L. et al, 2011). Most of them focused on the 
application in DMFC except for few on the hydrogen fuel cells (Yang J. Y. et al., 
2009). The proton conductivity of Nafion-based semi-IPNs is generally lower than 
that of unmodified Nafion® due to the modification of channel geometry. As for the 
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Proton exchange membranes (PEM) made of sulfonated perfluoropolymers (SPFP), 
such as Nafion resins, will steadily lose proton conductivity with increasing 
operation temperatures because of vaporization of moisture from the membranes (Li 
Q. F. et al., 2010; Ivanchev S. S. et al., 2010; Schimidt-Rohr K. et al., 2008; Diat O., 
2008; Lavorgna M. et al., 2009 and Xu K. et al., 2009). Intensive research for 
improving cell performance of PEM at elevated temperatures (~80 oC) has been 
focusing on the composite membranes of Nafion and non-fluorinated hydrocarbon 
membranes. For the fabrication of Nafion composite membrane, incorporation of 
nano-sized inorganic particles into the SPFP membranes has been an effective 
strategy to lessen the intrinsic structural drawbacks, such as weak moisture-keeping 
capability at elevated temperatures. Nafion membranes containing highly dispersed 
nano particles of Pt or metals oxides display stronger matrix-water retaining ability 
(Watanabe M. et al., 1996, 1998; Liu Y. H. et al., 2009 and Uchida H. et al., 2003). 
This type of composite has been further improved by nano particle fillers with a 
functional shell or a porous structure through enhancing particle–matrix interactions 
as well as moisture retention ability. Typical nanofillers include functionalized ZrO2 
or TiO2 particles with hydrophilic surfaces (Santiago E. I. et al., 2009; Navarra M. A. 
et al., 2007 and Zhang Y. et al., 2007), fumed silica particles with an oligomer layer 
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bearing –SO3H groups (Tay S. W. et al., 2008; Pereira F. et al., 2008 and Ye G. et al., 
2007), heteropoly acids clusters, e.g., phosphotungstic acid (H3PW12O40) (Yan X. M. 
et al., 2009; Meng F. et al., 2007 and Shao Z.G. et al., 2006), functionalized POSS 
(Subianto S. et al., 2009 and Keinath S. E. et al., 2008), functionalized carbon 
nanotubes (Chen W. F. et al., 2008 and Liu Y. L. et al., 2010), and conducting 
polymer particles (Yang J. Y. et al., 2009 and Park H. S. et al., 2005). However, most 
of these investigations lack fuel cell evaluation data, correlation of the microstructure 
of membrane with proton transport, and interfacial characteristics between filler and 
matrix. Regarding the non-fluorinated hydrocarbon membranes, polymer blend 
membranes made by utilizing acid-base complexation (Kerres J. A. et al., 2004 and 
Peighambardoust S. J. et al., 2010), such as the SPEEK/PBI blend, represent an 
attractive membrane design for improving the H2 or direct methanol fuel cell 
performance of PEM. Yet, the partial incompatibility between the acid polymer and 
the base polymer components in these membranes is still an issue affecting 
mechanical and proton conducting properties.       
  
This work was prompted by the interest for exploring an alternative proton conducting 
channel in Nafion, which is less moisture dependent than those prevailing in the 
pristine Nafion. This design is therefore different from the pursuits of enhancing 
moisture retention capability of Nafion as reported in many previous publications. 
From this perspective, the desired nanofiller is proposed to have to contain both the 
hydrophobic and hydrophilic domains since this surface characteristic is compatible 
with the dual affinity of Nafion molecules. It is supposed that such compatibility 
would permit an oriented adsorption of Nafion molecules on individual nanoparticles. 
In consequence, the contacts between the sulfonic acid groups of Nafion and the 
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hydrophilic domains constitute the desired proton transport interface. Regarding the 
amphiphilic filler, poly(p-phenylene terephthalamide) (PPTA) or p-aramid oligomer 
is an appropriate candidate since it has alternating phenylene and amide units besides 
its rigid chain structure. Nano-flakes of p-aramid can thus be formed through inter-
molecular hydrogen bonds between short PPTA chains as illustrated in Figure 1, in 
which the associated amide groups comprise a hydrophilic strip while the conjugation 
of benzenoid rings through the carbonyl groups forms a hydrophobic strand. Being 
amphiphilic, PPTA nanoflakes can be readily dispersed in the alcohol-water solution 
of Nafion. A homogeneous composite of PPTA nanoflakes (< 3 wt%) in Nafion could 
be therefore prepared by means of solution casting and drying. It is worthy of note 
that PPTA does not possess Bronsted basicity because it is upheld by amide bonds 
except for a small number of the basic terminal amine groups. Hence the proton 
conductivity of the composite membrane is not sacrificed by the introduction of PPTA 
into Nation matrix. On the contrary Nafion-PBI polymer blend (Wycisk R. et al., 
2006), developed to cut down methanol diffusivity, implicates stronger acid-base 
complexation because each PBI unit carries 4 amines. Hence the Nafion-PBI polymer 
blend has lower proton conductivity than the pristine Nafion due to the acid-base 















Figure 3.1 Schematic illustration of the two-dimensional assembling of PPTA chains. 
 
The resulting Nafion-PPTA matrix exhibits a clear matrix-softening phenomenon 
according to the results of differential scanning calorimetry (DSC) and dynamic 
mechanical analysis (DMA). This phenomenon can be attributed to a special matrix-
filler interaction. An insight into the nature of this interaction was gained from the 
zeta potential study of a dilute colloidal suspension consisting Nafion polymer and 
PPTA nanoflakes. This study indicates the formation of cluster through the adsorption 
of Nafion molecules to PPTA flakes. It in turn helps clarify the manner of association 
between Nafion and PPTA in the resulting composite matrix. Furthermore, the 
composite membrane presents superior proton conductivity over the pure Nafion 
matrix under low humidity condition. This structure-property relation becomes more 
obvious when the composite membrane is evaluated in a single H2-fuel cell at an 
elevated temperature (70oC).  
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Nafion solution (5wt% in a mixture of low aliphatic alcohols/H2O, EW 1100) was 
obtained from Aldrich. A 50µm-thick Nafion membrane N112 was purchased from 
DuPontTM was soaked in 1M sulfuric acid prior to test. Terephthalic Acid (TA, 98%, 
Sigma-Aldrich), p-Phenylenediamine (PPD, 97%, Sigma-Aldrich), Triphenyl 
phosphite (TPP, 97%, Sigma-Aldrich), N-Methylpyrrolidone (NMP, 99.5%, Merck), 
Lithium chloride (LiCl, 99%, Merck), Calcium chloride (95%, CaCl2, Sigma-Aldrich), 
Pyridine (99.5%, Merck), isopropanol (IPA, 99.5%, Merck) were used as received. 
 
3.2.2 Synthesis and characterizations of oligomeric poly(p-phenylene 
terephthalamide)      
 
Oligomeric poly(p-phenylene terephthalamide) (PPTA) was synthesized by the step 
polymerization according to the literature procedure (F. Higashi et al., 1982). A 
solution of NMP (65 mL) containing the dissolved CaC12 (3.0 g), LiCl (1.0 g), and 
pyridine (10 mL) was added at room temperature to a mixture of TA (0.831 g, 5 
mmol), PPD (0.568 g, 5.05 mmol) and TPP (3.10 g, 10 mmol). The mixture was then 
heated to 105°C and kept at this temperature for 4 h in Argon gas with magnetic 
stirring. After that, the mixture was poured into methanol to precipitate the 
polymerization product which was then washed with methanol and centrifuged. The 
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white solid obtained was refluxed in methanol for 1 hour and successively in water for 
another 1 hour, and finally was oven-dried at 60°C. The purified powder obtained is 
denoted by P105. The IR spectrum of it shows the characteristic absorption bands: 
1650 cm-1 (C=O), 1560 cm-1 (C-NH), 1400 cm-1(N-H), 3300cm-1 (–NH2, end group of 
oligomer). The number average degree of polymerisation ( ) was determined by the 
method of end-group titration. 50mg PPTA was dispersed in a solution of 50ml HCl 
(0.01M) to form an emulsion and was then stirred for overnight. The resulted 
colloidal dispersion was titrated by a 0.01M NaOH solution using phenolphthalein as 
indicator. The  was determined by the following formula, where m is the mass of 
sample and V the volume in ml.  
 
 
3.2.3 Preparation of the Nafion-P105 composite membranes 
 
As a typical preparation, the P105 powder was added into the Nafion solution 
(43.7mg/ml) and the resulting suspension was homogenized by ultrasonication until a 
uniform sol solution was obtained. The sol solution was then casted onto a Petri-dish. 
After the cast liquid layer was dried at 80 oC, the resultant membrane was kept at the 
same temperature for 12 h to perform annealing. The membrane was removed after 
being immersed the dish in water. Their thickness was controlled at about 50µm for 
easy comparison. After that, the membrane was immersed in 1M H2SO4 for 24 hours 
before measurements. The pristine Nafion membrane was also prepared by the same 
method. 
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3.2.4 Electron microscopy and 19F-NMR spectroscopy characterizations. 
 
Microscopic images of the P105 flakes were obtained on a field emission scanning 
electron microscope (FESEM, JEOL-JSM-6700) and a transmission electron 
microscope (TEM, JEM 2010F JEOL). The microstructure of a membrane was 
examined by the cryo-SEM imaging technique. The TEM sample of P105 was 
prepared by dissolving a small amount P105 powder in concentrated sulfuric acid 
followed by introducing the solution into an excess of water. After that, a few drops 
of the suspension were transferred to a carbon-coated copper grid for TEM 
examination. To prepare TEM sample of the composite membrane, a piece of the 
Nafion–2%P105 membrane was dispersed in an excess of ethanol by ultrasonication 
and the resulting suspension was centrifuged. The bottom centrifugal layer was 
withdrawn to cast a very thin film on a glass slide by spin-coating. After drying, the 
membrane coated glass slide was re-dissolved in ethanol with aid of ultrosonication to 
obtain a suspension. A few drops of the suspension were transferred to a carbon-
coated copper grid for TEM examination.  
 
The 19F-NMR spectroscopy was performed at 282 MHz on a Bruker AC300 NMR 
spectrometer equipped with QNP probe. The external reference for the analysis is 
Trifluoroacetic acid (TFA, δppm=-76.55). 0.5ml Deuterated water was added into the 




3.2.5 Thermal Analysis  
 
The glass transition behaviours of Nafion polymer chains in the composite 
membranes with different P105 contents were recorded on a differential scanning 
calorimeter (Mettler Toledo DSC 822e) using a scanning rate of 10 oC/min. The first 
scan (from room temperature to 100oC) was intended to remove differences in thermal 
history of the samples. The results of the second scan were recorded. The dynamic 
mechanical analysis (DMA) was performed on a TA Instruments (DMA 2980) using 
the heating rate of 3oC/min and the vibration frequency of 1 Hz. All the samples were 
vacuum dried before measurements.  
 
3.2.6 Measurement of the properties of the colloidal suspensions.  
 
Zeta potentials of the P105 colloidal suspension (e.g. 0.275 mg/ml) in water and 
Nafion-P105 suspension in IPA/water (v/v=7/5) at various pH were measured on 
Malvern Zetasizer Nano apparatus. The Nafion-P105 suspension was prepared via a 
two-step procedure: a colloidal suspension of P105 in water (0.275mg/ml) and a 
solution of Nafion (5.46 mg/ml) in IPA/water were formulated separately, thereafter 
an intended amount of the P105 suspension was introduced into the Nafion solution to 




Particle size measurement was carried out on a set of dynamic light scattering unit 
(DLS, 90Plus, Brookhaven Instrument). The sample was formulated by dispersing a 
control volume of the above Nafion-P105 suspensions in water (using the ratio of v/v 
= 1/400).  
 
The reduced viscosity of the Nafion-P105 colloidal suspension was measured using 
an Ubbelohde viscometer. The commercial Nafion solution was diluted by the 
IPA/water solvent to form a series of solutions with concentrations of 0.546, 0.4, 0.3, 
0.2 and 0.1g/dl. After this, the various amounts of P105 suspension were introduced 
into the Nafion solutions to form two sets of Nafion-P105 suspensions with the 
respective P105 contents: 1 % and 10 % of the Nafion resin by weight. The solutions 
were kept stirring overnight before measurement. The reduced viscosity values were 
computed using the formula: cspred /ηη =  , where redη is the reduced viscosity, spη is 
the specific viscosity. 
 
3.2.7 Determination of water uptake and contact angle 
 
The water-uptake of a membrane under a controlled relative humidity (RH%) was 
measured at room temperature. Before measurement, the membrane was dried under 
vacuum at 80 oC for 8 hours to reach a weight, Wdry. It was then soaked in a chamber 
with a controlled humidity for 24 hours. Using the weight thus obtained, Wwet , the 
water uptake was calculated using the formula (Wwet- Wdry)/ Wdry. Water contact 
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angles of the membranes were measured by the sessile method at 25 °C in air using an 
NRL-100-00-(230) contact angle goniometer (Rame-Hart Inc., New Jersey). 
Membranes were spin-coated on glass slides followed by dried at 80oC for 12 hours 
before measurements. Each reported contact angle is the average over at least five 
readings at different spots of the membrane surface. 
 
3.2.8 Evaluation of electrochemical properties 
 
The measurement of proton conductivity at different temperatures or under various 
relative humidity (RH) levels was performed in a closed vessel. A specific relative 
humidity was fixed using the saturated salt solution (Rockland L. B., 1960). The 
sample cell, equipped with four probes and a window to allow for reaching rapid 
equilibrium, was designed to measure proton conductivity by an electrochemical 
analyzer (Autolab Instrument) at galvanostatic mode with the AC current amplitude 
of 0.1 mA and the frequency scanning range from 0.1 Hz to 1M Hz. Each reading was 
taken after being stablized in the given environment for at least 30 minutes.   
 
The electrochemical polarization curves of membrane were established on the basis of 
the operation of a single PEM cell using H2 and pure O2 as fuel. The pressure of both 
streams was 1 bar and they were not humidified. The anode and cathode sheet were a 
carbon paper (SGL, Germany) coated with carbon-supported Pt (20wt %) catalyst 
layer supplied by E-TEK, Natick, MA. The catalyst loading was the same (2mg/cm) 
for both anode and cathode, and thus the Pt content was 0.4 mg/cm2. The effective 
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electrode area was 5cm2. The H2 and O2 flow was regulated by a flow meter at 50 
cm3/min. The electrode polarization curve was obtained by setting a series of cell 
current and recording the corresponding current voltages.    
   
3.3 Results and discussion 
 
3.3.1 Colloidal evidences for the interaction between P105 and Nafion molecule  
  
Scheme 3.1 Synthesis of poly(p-phenylene terephthalamide) P105 (with y=1.05).  
 
The step polymerization of TA and PPD with the molar ratio of 1:1.05 produces 
predominant oligomeric chains, i.e. P105, carrying primary amine as end group as 
shown in scheme 3.1.  According to Carothers model (Helfferich F. G. et al., 2004), 
this molar ratio is to produce an average degree of polymerization   of about 3 
should the conversion be 70%. Although  obtained from the end-group titration is 
about 9, the true value would be smaller than it since P105 could not be completely 
dissolved in the titration medium. The molecular weight of P105 can also be 
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estimated from the measurement of inherent viscosity [η] of P105 in concentrated 
H2SO4 by using an Ubbelhode type viscometer. According to Mark-Houwink-
Sakurada equation: [η] = KMva, where Mv is viscosity average molecular weight, K 
and a are constants for a given polymer-solvent system at a given temperature, it is 
possible to determine the molecular weight of P105 if its K and a are known. As 
shown in Figure 3.2, the [η] of P105 was determined by extrapolating the ln(ηrel)/c ~ c 
relation, where ηrel is the relative viscosity and c is the concentration in g/l, and the 
intercept, i.e. [η], obtained is 0.2262 (l/g). Since K and a are unknown, the molecular 
weight Mv cannot be determined. In the previous work of the synthesis of high 
molecular weight PPTA (Saverio RUSSO et al., 1993; Fukuji Higashi et al., 
1982&1988 and Igor I. et al., 1992), only the [η] values of the polymer were given, 
which are usually 3 to 4 (l/g) or higher. By comparing with their [η] values, it is clear 
that P105 is an oligomer. This is consistent with the molecular weight based on the 
end group titration.  
 
Figure 3.2 The plot of ln(ηrel)/c vs c for polymer P105 in concentrated sulfuric acid. 
ηrel is the relative viscosity and c is the concentration of polymer (g/l) 
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In the experiments, two other monomer molar ratios of PPD to TA, 1:1 and 1:1.1 
were also tried in the synthesis of PPTA and the products were named as P11 and 
P111 respectively. The two PPTA samples obtained together with P105 were used to 
fabricate composite membrane with Nafion. The composite membranes made by 
using different PPTA fillers of the same loading or different loadings of the same 
filler were evaluated by the conductivity ~ temperature relation (Figure 3.3). The 
corresponding conductivity-temperature curves display the order: PPTA (1:1.05) > 
(1:1.1) >> (1:1). The P105 filler (molar ratio = 1:1.05) at the loading of 2 wt% 
displayed the largest proton conductivity values at the temperature range of study. On 









Figure 3.3 The comparison of proton conductivities for different composite 
membranes in water.   
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At the same time, the microstructures of these three samples were examined (Figure 
3.4), which displayed a change from rod shape (P11) to slice shape (P111) which 
could be broken down into nano flakes through ultrasonication. The P105 locating in 
between the above two ratios gave rise to small flakes that could be readily broken 
down by same method. In principle, the two imbalance ratios were to result in shorter 
PPTAs molecular chains compared with the equimolar ratio. Hence, it is hypothesized 
that the association of short PPTA chains leads to formation of slice shape. 
  
 
Figure 3.4 The FE-SEM images of the three PPTA samples that were synthesized by 





The aggregates of P105 (inset in Figure 3.5) could be ultrasonically dispersed in a 
concentrated sulfuric acid. The resultant dispersion was diluted with a large excess of 
water, leading to a colloidal suspension from which flakes in nano sizes were 
observed (Figure 3.2). The ultrasonification causes breaking up of hydrogen bonding 
between P105 molecules and hence largely disintegrates flakes, which therefore have 
a large amount of pendant –CONH– groups. These surface groups function as sites for 
the sulfonic acid groups of Nafion molecules to anchor. On the basis of the dimension 
of a nanoflake the  
  
can also be estimated because it is formed by the lateral 
assembling of a number of PPTA rigid chains that do not fold. Hence the width of the 
flake could be taken as the length of the longest molecular chains. According to the 
known bond distances and geometry (March J., 1992), a repeating unit of PPTA is 
about 2.0 nm long. Thus these chains comprise of the 10 repeating units, which are 








Figure 3.5 TEM image of P105 nanoflakes, where the inset is a FESEM image of a 




Figure 3.6 Zeta potential scanning with the variation of pH of two colloidal 
suspensions: P105 in H2O and Nafion in IAP/H2O (v/v=7/5).  
 
Figure 3.7 Zeta potential scanning with the variation of pH of the colloidal 
suspensions containing Nafion (5.46mg/ml) and P105 (wt.% based on Nafion). 
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The Zeta (ξ) potential – pH plot of the P105 dispersion shows an isoelectric point (pI) 
at pH = 4.0 (Figure 3.6) due to the weak basicity of amino end groups. The ζ potential 
curve of this suspension stays between 0 and -5mV in the pH range after pI, which 
indicates the formation of a thin OH- adsorption layer. In contrast to this colloidal 
suspension, the ζ potential curve of the Nafion solution in isopropanol-H2O mixture 
displays a more negatively charged micelle surface in the same pH range, which has 
also been reported previously (Zhang H. N. et al., 2008). When these two colloidal 
suspensions are mixed together by the proportion that makes P105 be 0.1 wt% of 
Nafion, the suspension formed shows an up-shifting ζ potential curve in the pH range 
< 6 (Figure 3.7). An increase in P105 content by 10 times (i.e. 1 wt% of Nafion) 
causes the maximum ζ potential approach to a pI at pH=3.2, which is rather close to 
the pH where the pI of the P105 flakes locates. Further raising the content of P105 to 
2 wt% of Nafion, a new pI is approached at pH around 4.5. This phenomenon implies 
the adsorption of Nafion molecules to P105 flakes through their sulfonic acid groups 
(Figure 3.8) because they were no longer detected at the interface between particles 
and dispersion medium. Such adsorption manner is engendered by the presence of 
surface hydrophilic strips where numerous amide groups are H-bonding sites on the 
P105 nanoflake as illustrated in Figure 3.1.  
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Figure 3.8 Schematic illustration of the Nafion – P105 clusters that are formed 
through adsorption of Nafion molecules on P105 nanoflakes.    
 
An additional evidence for such adsorption comes from the comparison of the two 
19F-NMR spectra (Figure 3.9). 19F resonances of Nafion are observed at about -69, -63, 
-47, -42, -4.7 ppm that are assigned to different parts of the molecules as shown in Fig. 
6 according to references (Chen, Q. et al., 2004 and Takasaki, M. et al., 2005). The 
main difference of the two spectra comes from peak g that corresponds to the CF2 
group next to the sulfonic acid group. There were seldom reports about the study of 
the Nafion-filler interaction using 19F-NMR spectroscopy. Zhang et. al. (Zhang, L. M. 
et al., 2007) found that the peak heights of –CF3 (peak e), -OCF2 (peak c, f) and –
SCF2 (peak g) in the side chain of Nafion decrease with the increase in m-MMT (a 
protonated dodecylamine modified layered montmorillonite) content. This 
phenomenon was interpreted as the interaction between the SO3- group of Nafion and 
NH3+ group of dodecylamine which limiting the motion of these groups. In our 
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system, the adsorption of Nafion molecules to P105 flakes causes peak g become less 
splitting and stronger presumably due to a decoupling effect. This effect can be 
attributed to a decrease in the charge density of the two S=O bonds of the adsorbed 









Figure 3.9  19F-NMR spectra of Nafion (A) and Nafion-2%P105 (B). 
 
The association of Nafion molecules with P105 flakes is also examined through the 
variation of reduced viscosity (ηred) with the change of P105 content in a diluted 
Nafion colloidal suspension. ηred reflects the average size of the solvated polymer 
coils (i.e. hydrodynamic volume) (Sarkar, N. et al., 1996). For the pristine Nafion 
solution, its ηred-c relation displays the typical behavior of an ionomer solution, 
namely its ηred increases with decreasing of concentration because the dilution 
enhances the mean distance between polymer molecules and hence promotes their 
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solvating degree (Kojo Nishida et al., 2002 and Pierre Aldebert et al., 1995). In 
contrast to this trend, the Nafion-P105 suspension exhibits a reverse ηred-c relation 
(Figure 3.10). Both Nafion-P105 suspensions presented smaller ηred than their pristine 
Nafion counterparts in the concentration range below 0.15g/dl. This happening 
implies that Nafion molecules gather at individual P105 flakes via adsorption, leading 
to a reduction in the hydrodynamic volumes of Nafion. The light-scattering 
experiment result (Figure 3.11) supports this view. In this context, the suspensions 
with higher P105 contents reveal smaller ηred values over the concentration range of 
interest. Moreover, accompanying the increase in concentration of Nafion, the ηred of 
both Nafion–P105 suspensions increase and reach their apex values in the 
concentration range from 0.2 to 0.25 g/dl. Such an ascending trend can be interpreted 
by a certain extent of aggregation of perfluoro-carbon chains of the adsorbed Nafion 
molecules, which causes merging of the clusters as illustrated in Figure 3.8. 
Afterward, it becomes clear that the discrepancies in ηred of the three colloidal 
suspensions in question shrink with the increase in concentration because the 
aggregation of the clusters becomes predominant. 
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Figure 3.10 Changes in the reduced viscosity (ηred ) of the colloidal suspensions 
consisting of Nafion, P105 (wt.% based on Nafion) and IPAH2O solvent (v/v=7/5, 
pH=3) with the increase in concentration of Nafion. 
 
Figure 3.11 Dynamic light scattering test that shows the sizes of Nafion-P105 clusters 
in IPA/H2O (7/5) medium 
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The adsorption of Nafion molecules on P105 nanoflakes in the colloidal suspension 
determined the nature of interaction (-SO3H⋅⋅⋅NH<) between the two components in 
the composite membrane. It is rational on the basis of Figure 3.7 to consider that the 
P105 nanoflakes in the Nafion-2%P105 colloidal suspension attract the majority of 
sulfonic acid groups. At the same time, we have carefully confirmed that dispersing 
2% P105 in the Nafion solution generates a transparent microemulsion but dispersing 
3% P105 results in a translucent emulsion, which indicates that the latter P105 loading 
exceeds what the Nafion molecules could disperse.  
 
3.3.2 Properties of the composite membrane composed of Nafion-P105 clusters  
 
The obvious variation of the colloidal behaviors of Nafion molecules in the presence 
of P105 nano particles proves the affine nature between these two types of polymers. 
Accordingly, this affinity results in a less hydrophiphilc Nafion matrix because the 
sulfonic acid groups are affixed to the P105 flakes. Indeed, the dry Nafion-2w%P105 
membrane revealed a contact angle of 100.5± 1.5o while the pristine Nafion 
membrane a smaller contact angle of 64.1± 1.0o. Similarly, a comparison of the water 
uptakes of these two membranes absorbed from the different relative humidity 


















Figure 3.12 Variation of the equilibrium water uptake of the two membranes at 25 oC 
under different %RH (a), in water at different temperature (b). 
 
In addition, the glass transition behavior of the composite membrane indicated that 
the association of sulfonic acid groups had been no longer in existence in the 2 wt% 
P105 loading composite membrane (Figure 3.13).  There have been various reports 
about the Tg assignments of Nafion membrane, such as the matrix Tg and ionic Tg. 
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Although number of factors like scan rate, equivalent weight and thermal prehistroy 
of samples (Stefanithis I. D. et al., 1990 and Zhang X. H. et al., 2008) affect the test 
result, two kinds of glass transition were found in the Nafion-P105 composite 
membrane after uniformizing these factors, they are ∆Tg, ion (Lin Y. F. et al., 2007) 
reflecting the thermal energy absorbed to loosen the strong association of the pendant 
sulfonic acid groups and ∆Tg, seg reflecting the thermal energy absorbed to drive 
segment motions of Nafion polymer chains (Hong L. et al., 1999 and Yeo S. C. et al., 
1977). 
 
Figure 3.13 DSC diagrams of Nafion and the composite membranes comprising 
Nafion and P105 nanoflakes of different weight percentages.  
 
The ∆Tg, seg is largely affected by the solvent used to cast the membrane, for instance, 
the commercial Nafion solvent (aliphatic alcohols 95%-water 5%) gives rise to a clear 
∆Tg,seg endothermic step while an aprotonic polar solvent (e.g. N, N’-dimethyl 
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acetamide) does not (Zhang X. H. et al., 2008 and 2009). It is supposed that the 
alcoholic solvent favors ordered assembling of Nafion molecules, which in turn 
maximizes the obstruction effect of sulfonic acid groups on the segment motions of 
perfluoro chains. The prestine Nafion matrix exhibits both ∆Tg, ion (110~220 0C) and 
∆Tg, seg (75-100 0C) (Figure 3.13). In contrast to this, the endothermic absorption over 
the ∆Tg, ion range splits into two Tg transition slopes due to the inclusion of 0.5% P105 
into Nafion matrix. Such alteration can be attributed to the transfer of a portion of 
sulfonic acid groups from the association of themselves to P105 nanoflakes. This shift 
continues with the increase in P105 loading in Nafion matrix, and the association of 
Nafion molecules is soon replaced by the formation of Nafion-P105 clusters. A new 
glass transition slope (225-265 oC) arises in the DSC diagram of Nafion–2%P105 
composite matrix, which represents adsorption bonding between the sulfonic acid 
groups and the nanoflakes, labeled by ∆Tg, ad. Congruently, the original ∆Tg, ion no 
longer appears in the diagram. In addition, the variation of ∆Tg, seg with the increase in 
P105 content is noteworthy. This energy absorption slope slides down by ca. 20 oC 
when the P105 content increases from 0.5% to 1%, implying that the segment motions 
of the majority of Nafion molecules become less restricted upon adsorption to 




Figure 3.14  DMA diagrams of the dry Nafion and Nafion-2%P105 membranes. 
 
In addition to DSC analysis, the DMA diagram of the Nafion membrane shows a 
stronger band of storage modulus than the Nafion–2%P105 composite membrane in 
the temperature range below ca. 75 oC  (Figure 3.14), whereas the composite 
membrane could maintain the modulus when temperature exceeds 100 oC. This 
difference is caused by the decrease in random perfluoro-chain interlocking, which is 
responsible to the lower matrix strength in the lower temperature range. Nevertheless, 
the formation of Nafion-P105 clusters upholds matrix strength in the higher 
temperature range. They are consistent with the DSC analysis in which ∆Tg, ad of the 
composite membrane is greater than ∆Tg, ion of the pristine Nafion membrane. It can 
also be seen that the glass transition ranges detected by DMA are lower than those 
measured by DSC because the samples of DMA were exposed to ambient atmosphere 
(70-80% RH) while being analyzed. Moreover, relative to Nafion membrane, the 
Nafion–2%P105 composite membrane exhibits a rougher cryofractured surface 
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(Figure 3.15a-b) despite subtle difference between these two microstructures. It is 
suggested that Nafion-P105 clusters brings about a relatively bumpy matrix in sub-







Figure 3.15  FE-SEM images of the cryofractured cross-section of the Nafion 












Figure 3.16 Evaluation of temperature effect on proton conductivity of the two 
membranes: measured in water (RH 100%) (a), and in the saturated vapor of the 





Adsorption of sulfonic acid groups on the surface of P105 flakes leads to a different 
type of hydrophilic interface where proton-transport takes place from that prevailing 
in the pristine Nafion matrix. This structural difference was found to impact proton 
conductivity (σ) of membranes under different humidity levels (Figure 3.16). The 
composite membrane and the cast Nafion membrane show insignificant difference in 
σ, i.e. 0.20 S/cm vs. 0.18 S/cm under 100% RH and at 80oC. In contrast to this 
outcome, under 10 % RH, an increasing discrepancy in σ with the rise of 
measurement temperature was confirmed in the two kinds of membrane (Figure 
3.16b). It is true that both membranes exhibited significantly smaller σ under 10 % 
RH than under 100% RH because the vehicle mechanism (K. D. Kreuer et al., 2004) 
is still predominant in them. In spite of the crucial role of matrix water in sustaining 
proton transport, it is worthy to note that proton transport in the composite membrane 
becomes less reliant on matrix water, in particular, with the increase in temperature in 
comparison to the pristine matrix. The testing result suggests that the adsorption 
interface (-SO3H⋅⋅⋅NH<) be an alternative type of proton conducting channel that is 
more effective than its counterpart in Nafion membrane to ship protons under a low 
matrix moisture level, in particular, with the increase in temperature. Furthermore, 
when these two membranes are held at 115oC in a controlled humidity chamber to test 
the change of σ with time, the gap shown in Figure 3.17 provides further support to 
the presence of less moisture-dependent proton conducting channel. In addition, as the 
conductivity measurement involves a substantially low proton flux, only PEM fuel 
cell could examine whether the composite matrix has an adequate ability to sustain a 




Figure 3.17 Examination of proton conductivity of the two memberanes at 115oC 
under a controlled humidity environment (10% RH).  
  
To assess the above two membranes in a single H2-PEMFC, the commercial Nafion 
N-112 membrane (EW 1100) was employed as another control, which has a denser 
matrix than the cast Nafion membrane. Both the composite and the control 
membranes display similar polarization curves at 25oC (Figure 3.18 a) and yet show 
better power density than the cast Nafion membrane. Moreover, the composite 
membrane demonstrates a stronger ability to hold the cell voltage than the control 
when the current density is above ca. 750 mA/cm2. The cell test was further carried 
out at 70oC. The maximum power density sustained by the composite membrane 
reached to ca. 450 mW/cm2 while the control (Nafion N112) only gave 210 mW/cm2 
that was about 84% of what it performed at 25oC (Figure 3.18b). The decrease in the 
power output from the fuel cell loaded with the control membrane reflected the effect 
of the loss of matrix water since the hydrogen stream to the fuel cell was not 
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humidified. In contrast to this outcome, when the composite membrane was loaded 
instead an obvious increase in power density was attained under the same cell 
conditions. Although the true moisture content of PEM in the fuel cell at 70oC is 
hardly to measure, the membrane could still remain partially humidified because the 
cathodic reaction produces moisture and it compensates, to a certain extent, the loss of 
matrix water at 70oC. Hence, the true moisture content in the composite membrane 
must be far higher than those at which the measurements (Figs. 3.16- 3.17) were 
conducted since a substantially low degree of matrix moisture content is not able to 
sustain a high proton flux. Nevertheless, Figures 3.16- 3.17 unveil an important fact: 
the composite membrane displays greater proton conductivity than its host matrix at 
each low %RH level, viz. the composite membrane is less moisture dependent relative 
to just the matrix. Such trait was indeed notably in the above single fuel cell 
evaluation. Moreover, it is logical to deem that the matrix comprising of Nafion-P105 
clusters offers an alternative H+ transport channel by which the rise of temperature 
can offset the partial loss of matrix water so that the proton flux is promoted rather 
than suppressed. Moreover, proton transport in the composite matrix not only occurs 
at the interfaces between Nafion and P105 nanoflakes since they are discretely 
distributed. Relative to the pristine Nafion matrix, the softer perfluoro-chains in the 
composite matrix as verified by DSC (Figure 3.13) could also play a supplementary 
role in shipping protons. In particular, the moisture trapped at the adsorption 
interfaces is expected to facilitate the chain motions. The perfluoro-chains could 
therefore undergo vigorous segment motions at an elevated temperature, and these 
motions provide plenty of instantaneous short range sweepings that can assist proton 
transport through the proton-fluorine hydrogen bonding. This trait offers in principle a 





Figure 3.18 The polarization curves and power outputs of H2 fuel cell at 25 oC (a) and 






An oligomeric p-aramide, poly(p-phenylene terephthalamide), in nanoflake shape (< 
20nm), denoted by P105, is incorporated into Nafion matrix by means of solution 
dispersion and casting. The resulting composite is characterized by the hydrophilic 
interactions between the sulfonic acid groups of Nafion molecules and the amide 
bonds on P105 flakes. Such interaction is verified in the colloidal suspension prepared 
by dispersing P105 nanoflakes in a dilute Nafion solution, such as the zeta-potential 
measurement. The study on this colloidal dispersion system indicates a strong 
clustering of the sulfonic acid groups of Nafion molecules with the surface amide 
groups of P105 flakes. Similarly, the composite membrane shows a lower glass 
transition temperature of perfluorocarbon chains and a greater glass transition 
temperature of ionic clustering than the pristine Nafion matrix. This outcome is 
originated from the packing of Nafion-P105 clusters, which leads to more flexible 
perfluoro-chains. The clustering interface and the softer perfluoro chains in the 
composite matrix allow for a larger proton flux than the pristine Nafion matrix at the 
medium temperatures (~70 oC) and under a lower moisture degree. This unique 
property of the composite membrane is unveiled through the evaluation of membrane 
in a single H2 fuel cell. The p-aramid nanoflake is a unique filler because 2 wt% of it 
in the matrix of Nafion could attract all the pendant sulfonic acid groups to their 
surface, and the matrix thus formed is no longer a physical mixture between filler and 
matrix as what a particle-matrix composite normally means. The second unique aspect 
of the filler lies in its role for reducing the reliance of proton conductivity on moisture 
level in the composite matrix but rather than for improving the moisture-keeping 
capability of membrane.    
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CHAPTER 4 SUBSTITUTED POLY (P-PHENLENE) OLIGOMER 




Nafion is the model of perfluorosulfonic acid polymers because it can readily 
undergo self-assembling when cast from a solution of alcohols and water. The 
assembling leads to generation of fast ionic conducting channels (Mauritz K.A. et al., 
2004; Sahu A.K. et al., 2009; Devanathan R., 2008 and Ivanchev S.S. et al., 2010). 
The self-assembling of Nafion molecular chains produces nano-fibres with the 
sulfonic-acid side-chain groups exposed outwards (Rollet A.L. et al., 2002 and 
Rubatat L. et al., 2004). Furthermore, association of these nano-fibres generates 
submicron domains (Fig. 4. 1) and the packing of these domains forms a matrix of 
membrane. There are hence two sorts of hydrophilic interfaces between nano-fibers 
and between submicron domains, where the sulfonic acid groups are enriched. These 
two sorts of hydrophilic interfaces constitute the proton conducting channels 
sustaining high proton conductivity at a high humidity (Mauritz K.A. et al., 2004 and 
Devanathan R., 2008). In the same way, dehydration could take place without 
difficulty since both the hydrophilic channels are extensively connected and exposed 
to the testing environment of fuel cell. The Nafion membrane loses proton 
conductivity dramatically when temperature is higher than 70oC and hence 
inappropriate for being used in high-temperature PEM fuel cells. The hydrophilic 
channels in Nafion also facilitate diffusion of methanol that is undesired in a direct 
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methanol fuel cell (Halie S. M. et al., 2001; Alberti G. et al., 2008 and Zawodzinski T. 
A. et al., 1993).   
 
Figure 4.1 Cross-sectional FESEM of Nafion membrane. 
To alleviate the moisture dependence of the Nafion membrane, the most common 
approach is to introduce a specific type of filler into the membrane matrix as 
mentioned also in the earlier chapters. The fillers explored by far are mainly 
nanoparticles and can be classified as four main types by their surface functionalities: 
inorganic oxide particles to induce physical adsorption of the sulfonic acid groups to 
them (Santiago E. I. et al., 2009; Tay S. W. et al., 2008; Pereira F. et al., 2008 and 
Zhang W. J. et al., 2008); particles bearing carboxylic or sulfonic acid functional 
groups on their surface to engage in strong associations with the sulfonic acid groups 
of Nafion (Subianto S. et al., 2009 and Wang L. et al., 2007) ; particles bearing non-
ionic and aprotonic polar organic groups to trigger out hydrophobic repulsion from 
the main chain of Nafion (Kim H. et al., 2007), and fine particles bearing quaternary 
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onium groups to form ionic pairs with the sulfonic acid groups (Park H. S. et al., 2005 
and Zhang X. H. et al., 2009). As a result, the original hydrophilic interfaces, namely 
proton conducting channels, in Nafion are perturbed by the presence of filler particles, 
resulting in suppression of hydration extent. In most of these composite matrixes, 
besides the proton conducting channels existing in the pristine Nafion matrix, the 
newly formed interface between individual filler particles or their agglomerates and 
the pendant sulfonic acid groups supplies an additional proton transport channel. It 
may concluded from the progresses achieved to date that to further improve the 
proton transport flux in Nafion-based composite membranes reducing incompatibility 
between perfluoro main chain of Nafion and filler particles would be one of the 
directions to pursue.  
 
We propose in this work an interface between sulfonic acid groups (-SO3H) and 
molecular segments of a conjugated aromatic oligomer that bears non-ionic Lewis 
base groups. Such interface is maintained by weak interaction between -SO3H groups 
and the pendant Lewis base groups as well as by the H+-pi interaction (Grabowski S. 
J., 2007 and Gosling M. P. et al., 2010). Since this interface is much less hydrophilic 
than those existing in the previous composite matrixes, it possesses therefore 
ameliorated compatibility with the perfluoro main chains. In a recent study by us 
(Guo B. et al., 2011), oligomeric poly(p-phenylene terephthalamide) (PPTA) was 
identified as a pi-filler, in which pi-electron conjugation between two adjacent benzene 
rings takes place through an amide bond. It brings about formation of a less 
hydrophilic interface with the pendant -SO3H groups of Nafion through its pi-system 
and amide groups. The resulting PPTA-Nafion composite membrane indeed displays 
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an exceptional capability of sustaining a far higher proton flux than the Nafion alone 
at 70oC without humidifying. Nevertheless, it is difficult to fully utilize the pi-system 
of PPTA due to strong hydrogen bonding of amide groups between PPTA polymer 
chains. An intense dispersing procedure is needed in order to break up PPTA 
agglomerates in Nafion solution and then to obtain a stable colloidal dispersion.   
 
In contrast with PPTA, poly (p-phenylene-2, 5, diacetoxy) (POAc) offers a desired pi-
system for the development of the interface as aforementioned because the ortho-
disubstituted acetyl groups on each repeating unit prevent the conjugated polymer 
chains from stacking together. This makes the dispersion of POAc in Nafion matrix 
much facile. As stated above, both the pendant acetyl groups and the conjugated pi-
system are acceptors of protons dissociated from the -SO3H groups of Nafion. 
Thereby, the attachment of -SO3H groups to individual POAc oligomeric segments 
(or rods) generates an interface, which acts as the primary proton transport channel. 
This perception has been verified by the thermal and spectral analyses. In addition, 
the interaction between Nafion and POAc was probed in a dilute colloidal suspension, 
prepared by dispersing Nafion and POAc in a large excess of a solvent. The variation 
of intrinsic viscosity of the suspension owing to the adsorption of individual Nafion 
molecules on POAc rods was detected. As expected, this fundamental interaction 
results in a more hydrophobic composite membrane relative to the pristine Nafion 
membrane on the basis of the evaluations of water absorption and ion-exchange 
capacities. The effective loading of POAc in the Nafion matrix has been identified to 
be about 1% by weight according to the values of its storage modulus and proton 
conductivity. Moreover, this composite membrane dem
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sustaining proton flux than the pristine Nafion matrix with rise of operation 
temperature without external humidifying. It proves the existence of an effective and 
fundamentally different proton transport channel in contrast to those existing in the 
pristine Nafion membrane.       
       
 4.2 Experimental 
 
 4.2.1 Materials 
 
Nafion solution (5wt% in a mixture of low aliphatic alcohols/H2O (20%), EW 1100) 
was obtained from Aldrich. Nafion membrane N112 purchased from DuPontTM was 
soaked in 1M sulfuric acid prior to test. Bis(1,5-cyclooctadiene) nickel(0) (Ni(Cod)2, 
Sigma-Aldrich), cyclo-octa-1,5-diene (Cod, ≥ 99%, Sigma-Aldrich), 2,5-
dibromohydroquinone (97%, Sigma-Aldrich), 2,2'-bipyridyl (Bpy, ≥ 99%, Fluka), 
acetic anhydride (≥ 99%, Sigma-Aldrich), pyridine (99.5%, Merck), isopropanol (IPA, 
99.5%, Merck), anhydrous N,N-Dimethylformamide (DMF, 99.8%, Sigma-Aldrich), 
disodium ethylenediamminetetraacetate (99.5%, BDH), and hydrochloric acid (HCl, 
37%, Merck) were used as received. 
 
4.2.2 Preparation of monomer 1, 4-dibromo-2,5-diacetoxybenzene (DBOAcB) 
 
1, 4-dibromo-2,5-hydroxybenzene (2g, 7.46 mmol) was added into 14-ml pyridine 
under stirring. After that, acetic anhydride (3.6g, 35.2 mmol) was dropped into the 
solution. The mixture was kept stirring at room temperature for 12 hours. The white 
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precipitate was collected and washed with ethanol. The final product DBOAcB was 
recrystallized from acetone with a yield of 73%. IR (KBr): 3097, 2935, 1750, 1473, 
1369, 1207, and 1064 cm-1. 1H-NMR (Aceton-d6): δ 7.64 (s, 2H) and δ 2.04 (s, 6H). 
 
4.2.3 Preparation of poly-p-phenylene-2, 5, diacetoxy (POAc) (scheme 1) 
 
A mixture of Ni(cod)2 (3.13 g, 11.4 mmol), cod (1.23 g, 11.4 mmol), bpy (1.77 g, 
11.4 mmol), and 1,4-dibromo-2,5-diacetoxybenzene (DBOAcB) (2.0 g,  5.7 mmol) in 
50 mL of DMF was stirred under N2 for 48 h at 60 °C. The reaction mixture was 
condensed to 10 mL and poured into dilute hydrochloric acid. The cream precipitate 
was washed twice with dilute hydrochloric acid, twice with an aqueous solution of 
disodium ethylenediamminetetraacetate, once with dilutes hydrochloric acid in this 
order and dried under vacuum. The yield of polymerization was ca. 50% and the 
polymer obtained has a number average molecular weight of 3391 (Mw/Mn=1.04) 
from GPC analysis, which is similar to the literature (T. Yamamoto et al., 1999). IR 
(KBr): 2925, 1760, 1442, 1350, and 1207 cm-1. 1H NMR (DMSO-d6): δ 7.0-7.7 (m, 
2H) 2.0-2.4 (m, 6H). 
 
4.2.4 Preparation of Nafion-POAc composite membranes  
 
As a typical procedure, Nafion solution was mixed with a given amount of POAc (e.g. 
1% based on the Nafion resin). A uniform sol solution was resulted after sonication. 
The sol solution was casted onto a Petri dish, and followed by drying at 80oC for 
overnight. The resulting membrane was further soaked in 1 M H2SO4 for at least 24 
 101 
hours before the evaluation of its electrochemical properties was conducted. This 
membrane is referred to Nafion/1P, where 1P stands for 1% of POAc. A pristine 
Nafion membrane was also prepared through casting the pure Nafion solution under 
the same curing condition. 
 
4.2.5 Structural characterizations  
 
1H nuclear magnetic resonance (1H NMR) spectra of DBOAcB and POAc were 
recorded on a Bruker Ultrashield-400 spectrometer using deuterated solvent. The FT-
IR spectra of DBOAcB and POAC were recorded on a Biorad spectrometer 
(resolution 2 cm-1). Gel permeation chromatography (GPC) analysis was carried out at 
25oC on Waters-1515 instrument using DMF as eluent at a flow rate of 1.0 ml/min to 
determine molecular weight of POAc, in which polystyrene standards were used to 
calibrate retention times. UV-visible spectrum of the dilute POAc-Nafion solution 
was obtained on a Shimadze UV 3600 spectrophotometer. The samples were prepared 
by introducing various amount of the Nafion solution into a POAc solution in DMF 
(2mg /ml) so that the ratios of POAc to Nafion resin by weight in the resultant 
mixture range from 0.1 to 7 %. 
 
4.2.6 Measurement of intrinsic viscosity 
 
The intrinsic viscosity of a Nafion-POAc sol solution was measured by using an 
Ubbelohde viscometer. The commercial Nafion solution was diluted by a binary 
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isopropanol (IPA)/water solvent (v/v =10/7) to form a series of solutions with 
concentration of 0.546, 0.4, 0.3, 0.2 and 0.1 g/dl. After this, a specific amount of 
POAc was introduced. The prepared Nafion-POAc colloidal dispersions were kept 
stirring overnight before measurement. A linear relationship of reduced viscosity ηsp/c 
vs. the concentration of Nafion c was obtained and the intrinsic viscosity 
corresponding to each of specific content of POAc was determined through 
extrapolating the curve.  
 
 4.2.7 The morphologies of membranes 
 
Microscopic images of the various membranes were obtained on a field emission 
scanning electron microscope (FESEM, JEOL-JSM-6700) and a transmission electron 
microscope (TEM, JEM 2010F JEOL). A cryogenic fracture cross-section of the 
membrane sample was prepared for the examination by FESEM. To prepare a TEM 
sample, a very thin Nafion-POAc composite film was spin-coated on a glass slide. 
After drying, the membrane coated glass slide was re-dissolved in ethanol with aid of 
ultrosonication to obtain a substantially dilute suspension. A few drops of the 






4.2.8 Thermal analysis of the cast membranes 
 
The glass transitions of the Nafion chains in the composite membranes were 
determined by DSC (Mettler Toledo DSC 822e) using the same way as in the earlier 
chapter (3.2.5). To test the states of water trapped in a membrane, the sample was 
soaked in water for 24 hours before measurement. After the surface water was gently 
wiped out, the sample was sealed in the aluminum pan. The sample loaded on the 
DSC instrument was cooled down to -100oC at 5 oC/min and then heated up to 100oC 
at the same rate. The DSC diagram of the heating was recorded. The matrix structure 
of membrane was also examined by the DMA using the same conditions as in 3.2.5.  
 
4.2.9 Determination of water uptake and ionic exchange capacity (IEC). 
 
Water uptakes of the membranes were measured at room temperature using the same 
method as in 3.2.7. For IEC analysis, a pre-dried sample was soaked in a sodium 
chloride aqueous solution (0.05 M) for 24 h to allow ion-exchange between H+ and 
Na+. After that, the solution was titrated to pH 7.0 using a standard 0.05M sodium 
hydroxide aqueous solution and the end-point of titration was indicated by a pH meter 
(HORIBA). Each exchanged NaCl solution was titrated twice and the mean titrate 




4.2.10 Evaluation of electrochemical properties 
 
The measurement of proton conductivity of a membrane sample was conducted at 
different temperatures in water or under various RH% conditions controlled by the 
different saturated salt solutions. The similar sample cell as in the chapter 3 was used 
and the measurements were done in the same way as in the 3.2.8.  
 
To evaluate the performance of the membranes in fuel cell, a single cell was operated 
at1 bar for both H2 and O2 without humidification. The anode and cathode sheet were 
a carbon paper (SGL, Germany) with carbon-supported 20 wt% Pt catalyst layer 
supplied by E-TEK, Natick, MA. The catalyst loadings at the anode and cathode were 
2 mg /cm2, thus Pt loadings at the anode and cathode were 0.4 mg /cm2. The effective 
electrode area was 2 cm2. The H2 and O2 flow was regulated by a flow meter at 50 
cm3min-1. The electrode polarization curve was obtained by setting a series of cell 
current and recording the corresponding current voltages.    
 
4.3 Results and Discussion 
 
4.3.1 Synthesis of POAc and examination of the interactions between POAc and 






















Scheme 4.1 The reactions to synthesize the monomer DBOAcB and polymer POAc 
 
Of the reported preparative methods of n-conjugated polymers, the organonickel-
catalyzed dehalogenation polycondensation with the general formula of n X-Ar-X + n 
NiLm → -(Ar)n- + n NiX2Lm has contributed to the preparation of various 
poly(ary1ene)s (T. Yamamoto rt al., 1999 and M.F. Semmelhack et al., 1971). By 
using this method, oligomeric poly(p-phenylene-2,5,diacetoxy) (POAc) is synthesized 
from the polymerization of 1,4-dibromo-2,5-diacetoxybenzene (DBOAcB) (Scheme 
4.1) according to the Yamamoto reaction (T. Yamamoto et al., 1999). Since the two 
acetyl substituted groups in each repeating unit of POAc prevent strong associations 
of the conjugated main chain, the resultant POAc can be dissolved in chloroform and 
DMF for instance. Its molecular weight could thus be determined by GPC using DMF 
as eluent to be 3391. The average chain length of POAc comprises 17 repeating units, 
which is about 5-nm long. Moreover, POAc can be readily dispersed in the 5% Nafion 
solution where solvent is a mixture of aliphatic alcohols and water to form a sol 





Figure 4.2 The composition dependence of the intrinsic viscosity of the Nafion-POAc 
diluted mixture. 
 
To examine whether Nafion possesses chemical affinity for POAc, the variation of the 
hydrodynamic size of Nafion in a substantially dilute colloidal suspension (section 4. 
2. 6) provides a sensible feedback. In principle, this dilute colloidal environment 
allows for unveiling any change in hydrodynamic sizes of the solvated 
macromolecules since a negligible extent of entangling among these polymer coils is 
assured. Therefore, the intrinsic viscosity [η] of Nafion reflects an average extent of 
chain expansion of Nafion molecules. We observed that the [η] of Nafion-POAc in 
the binary IPA-water (v/v = 10/7) medium varies with the variation of the 
POAc/Nafion ratio (POAc %) (Figure 4. 2). The [η]~POA% curve shows a 
decreasing trend in the initial range of POAc % from 0 to 1%. This reduction in [η] 
describes the contraction of Nafion molecules due to their association with individual 
POAc oligomer rods at different degrees to form Nafion-POAc sol particles. Such 
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associations lead to partial desolvation of the solvated Nafion coils and hence 
contraction of them.  However, a rise of [η] appears in the following range where 
POAc % values are larger than 1. This reversed trend can be attributed to the 
happening that each Nafion molecule associates with several POAc rods as the result 
of the increase in the concentration of POAc rods. Hence, the Nafion molecules on 
one POAc rod becomes less crowded with more POAc rods becoming available, 
allowing the Nafion molecules to be more expanded. This thereby contributes to the 
ascending of [η] values. For this test, it has also been verified that no any change in 
[η] could be observed in the absence of Nafion in the above colloidal suspension. 
 
Figure 4.3 Change of the UV-visible spectrum (300nm to 450nm) of a POAc-DMF 
solution (2mg/ml) on addition of various content of Nafion (based on the weight% of 
POAc). The insert shows the entire spectrum of POAc-1%Nafion in DMF. 
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On the other hand, a dilute POAc-Nafion colloidal suspension where POAc is the 
major component has been examined by UV-vis spectroscopy. The experiment aims 
to collating the evidence of electron spectrum of POAc whose intensity is expected to 
decrease because of the attachment of sulfonic acid groups to its conjugated pi-system. 
The spectrum of POAc alone in DMF displays two absorption bands at about 270 nm 
and 350 nm, respectively (insert of Figure 4.3). The former band can be attributed to 
the electron migration in the side-chain acetyl groups (Sirajuddin et al., 2007 and D.L. 
Gerrard et al., 1978) while the latter one to the pi-pi* migration in the conjugated 
phenylene main chain (D.A. Child et al., 1975 and J.K. Kallitsis et al., 1997). It is 
rational to propose that the pi-pi* electron migration intensity will be weakened in 
response to the decrease of conjugation extent owing to the H+-pi association. Such a 
trend is shown in Figure 4.3: the intensity of the absorption band at 350nm becomes 
weaker when the concentration of Nafion increases.     
 
Figure 4.4 FTIR spectra of POAc and the association of POAc-1%Nafion colloidal 
dispersion. 
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On the other hand, the H+-pi association is also found to affect the carbonyl stretching 
frequency of the acetyl groups. In contrast to νC=O = 1764.7cm-1 of the pure POAc, the 
frequency is reduced to νC=O = 1761.9cm-1 due to the association with 1wt % Nafion 
(Figure 4.4). This phenomenon is known as the inductive effect, i.e. the H+-pi 
association causes a slight decrease in the C=O bonding strength (G. Socrates, 2004).    
 
 4.3.2 Characterizations of the Nafion-POAc composite membranes  
 
Figure 4.5 FETEM of Nafion (a) and Nafion/1P (b) membranes. 
 
After verifying the interactions between Nafion and POAc in the dilute colloidal 
system, the subsequent step to understand is how POAc oligomeric rods cause 
restructuring of chain-packing in Nafion matrix. As described above, the acetyl side-
chain groups render POAc be dispersible in the Nafion solution. This was proved by 
obtaining of a slightly translucent Nafion-POAc suspension, which in turn gives rise 
to a composite membrane having a semi-transparent yellowish appearance. Indeed, 






4.2.7), taken as example, shows a porous matrix while the pristine Nafion reveals a 
dense matrix (Figure 4.5). Such drastic alternation in Nafion matrix suggests that 
single POAc oligomeric rod would attract a number of sulfonic acid groups from 
different adjacent Nafion molecules and vice versa, which resulted in a cross-linked 
Nafion-POAc network. In consequence, one could observe tiny nodules with irregular 
shapes that are associated by each other as labeled in Figure 4.5. Hence randomly 
orientated Nafion-POAc nodules constitute a texture-like matrix, through which pores 
are the interstices of these nodules. Therefore the sulfonic acid – POAc interface and 
the crosslinked Nafion molecules are the two characteristics of the resulting matrix. 
This composite matrix should be more hydrophobic than that of the pure Nafion 
because the sulfonic acid groups are underexposed relatively. Indeed, both water 
uptake and ion-exchange capacity of the composite membrane decline with the 
increase in the loading of POAc as depicted in Figure 4.6.       
  
Figure 4.6 The variation of water uptake and IEC as a function of POAc content 
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Correspondingly, it is logic to deem that energy barrier to segment motions of Nafion 
chains be greater in the composite matrix than in the pristine counterpart due to 
crosslinking effect of POAc rods. This view was verified by DSC analyses (Figure 
4.7a). The pristine Nafion membrane exhibits two glass transition regions: ∆Tg, ion = 
150-200oC, reflecting the energy needed to loosen the association of the pendant 
sulfonic acid groups (Y.F. Lin et al., 2007), and ∆Tg, seg around 100oC, reflecting 
energy required to drive segment motions along the perfluoro backbone of Nafion (L. 
Hong et al., 1999 and S.C. Yeo et al., 1977). With dispersing 0.5% POAc in the 
Nafion matrix, the ∆Tg, seg moves up apparently and merges partially with ∆Tg, ion that 
shifts slightly to lower temperature. The increase in the POAc loading to 1% furthers 
this trend, as a result, the two transitions, ∆Tg, seg and ∆Tg, ion, merge together, showing 
only one peak. Such trend is interpretable since the increase in ∆Tg, seg reflects the fact 
that Nafion molecules are crosslinked while the disappearing of ∆Tg, ion implies that 
most of the sulfonic acid groups associate with the POAc rods added instead of by 
themselves only. In the composite matrix formed the interactions between sulfonic 
acid groups are weaker relative to that in the pristine Nafion matrix. In the meantime, 
with the POAc loading increasing to 2%, the original ∆Tg, ion is partially resumed and 
the entire DSC profile resembles that of Nafion/0.5P. This occurrence suggests that 
the POAc loading has been over the saturation level so that POAc rods undergo self 
aggregation, i.e. undertaking mcirophase separation, causing a reduction in the 
interface between Nafion and POAc. This attribution is further verified by DMA 
(Figure 4.7b). It shows that the order of the storage modulus of the four matrixes is in 
accord with the order of ∆Tg, seg. Of the three composite matrixes, the Nafion/1P 
matrix is reinforced to the maximum. In contrast, the Nafion/2P matrix presents the 
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lowest storage modulus, indicating a counterproductive role of the POAc component 
in the matrix mechanical strength due to the microphase separation in it.  
 
 
Figure 4.7 DSC (a) and DMA (b) of various membranes. 
b 
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Although the variation of ∆Tg, ion in the above study has concluded that the 
microenvironment of sulfonic acid groups in the composite matrix is different from 
that in the Nafion matrix, such difference could be more directly probed by the 
variation of the fusion temperature of moisture trapped in matrix. Water in the 
membrane can exist as free water, freezing bound water and non-freezing bound 
water (A. Higuchi et al., 1985 and Y.S. Kim et al., 2003). Freezing bound water is 
water that freezes below 0oC due to weak interaction such as hydrogen bonding with 
the hydrophilic groups in the polymer (S.J. Lue et al., 2009). Non-freezing bound 
water is water that has no detectable phase transition from -73 to 0 oC because of 
strong interaction with the associate groups of the polymer (L.E. Karlsson et al., 
2002). As shown in Figure 4.8, all the membranes exhibit a broad water fusion peak 
in the range from -30oC to 0oC, assigned to the presence of the freezing bound water. 
Furthermore, the freezing bound water in the composite matrixes unveils a higher 
fusion temperature than that in the Nafion matrix. It is presumed that the interface 
between POAc and sulfonic acid is where the freezing bound water is located and 
hence has impact on its fusion temperature. The Nafion/1P matrix shows the highest 
fusion temperature of the three matrixes, it suggests that this matrix contains the 
largest inerface, which is consistent with the conclusion drawn from the study on the 



































          
 
Figure 4.8 Low temperature DSC of various membranes. 
 
4.3.3 Electrochemical evaluation of the Nafion-POAc membranes 
 
It is of interest to understand how the different microenvironments of sulfonic acid 
groups in the Nafion/1P and the Nafion membranes, as defined in the above section, 
affect proton transport. The measurement of proton conductivity of these two 
membranes at 100% humidity (Figure 4.9a) manifests that the sulfonic acid – POAc 
interface is more effective to ship protons than the original association of sulfonic 
acid groups. In addition, the proton transport along the former type of channel is more 




Figure 4.9 Proton conductivity measurement of Nafion and Nafion/1P membranes at 
100% RH (a) and at different RH% (b). Values in b were normalized based on the 
value at 100%RH. 
 
Finally, the two membranes investigated in Figure 4.9 were further compared by their 
H2 fuel cell performance. With this aim, a piece of commercial Nafion N-112 




of passing protons in a single H2-PEMFC, which was operated under the condition 
that its membrane–electrode assembly (MEA) was not connected to an external 
humidifier system. The cell evaluations were conducted at three different 
temperatures: 20oC, 50oC and 70oC. Nafion/1P displays best performance at all the 
temperatures, which was consistent with the proton conductivity measurement result, 
especially when the temperature increased to 50oC and 70oC. The maximum power 
output sustained by the Nafion/1P membrane reaches to about 512 mW/cm2 at 70 oC, 
exhibiting a great increment as compared to the climax given by itself at 20 oC. The 
N112 membrane gives 421 mW/cm2 at 70oC, which is apparently lower that the 
power output by Nafion/1P membrane at the same temperature. The pure Nafion 
could only hold 388 mW/cm2 at 70oC, which cannot even be as high as what the 
Nafion/1P membrane achieves at 50oC. This drastic diversifying in cell performance 
validates the previous discussion on the potential of the composite matrix to sustain a 






Figure 4.10 The comparison of the polarization curve and power output of H2 fuel cell 




In this study, sulfonated porous carbon nanospheres were incorporated into Nafion 
matrix by means of solution dispersing and casting. The composite membranes were 
characterized in detail by various techniques. The results showed that the proton 
conductivity of the composite membrane was higher than that of the pure Nafion 
membrane at high or low humidities, especially the composite membrane with 1 wt% 
of sPCN2 loading. At the same time, the performance of the single fuel cell with 
1%sPCN2 composite membranes were superior to that of Nafion membrane when 
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operated with dry gas feeds, either at low or high temperature. This is important for 
portable fuel cells operating without external humidification. The combination of the 
porous structure and the surface functional groups on the sPCN2 was believed to 
contribute to the much enhanced performance of the resulted composite membranes at 
elevated temperature and low humidity condition. This is important for portable fuel 













CHAPTER 5 ASSIMILATION OF HIGHLY POROUS 
SULFONATED CARBON NANOSPHERES INTO NAFION 




It has been confirmed that the perfluorinated sulfonic acid (PFSA) matrix such as 
Nafion loses moisture at elevated temperature or under low humidity conditions. This 
leads to a low proton conductivity and hence poor fuel performance. In order to 
improve cell performance of PEM at medium temperatures (~80 oC), preparation of 
the composite membranes of Nafion, such as the work of Li Q. F. et al., (Li Q. F. et 
al., 2003) by incorporating nano inorganic particles into the membrane, have become 
a simple solution. However, it is often difficult to disperse bare inorganic 
nanoparticles in Nafion matrix owing to thermodynamic incompatibility between 
matrix and filler. This causes aggregation of filler particles and consequently poorer 
mechanical properties and proton conductivity relative to that of the pristine 
membrane (Chen Z et al., 2006 and Thomassin J. M. et al., 2007). Development of the 
inorganic hybrid fillers with surface-attached organic functional groups has provided 
satisfactory solution to this problem (Santiago E. I. et al., 2009; Tay S. W. et al., 2008 
and ParkH. S. et al., 2005). In additional to hybrid inorganic particles, carbon nano 
fillers, namely carbon nanotubes, fullerene C60, graphene, carbon black, and 
modified carbon nanofibers, are also used to enhance PEM as long as these carbon 
particles do not form an electronic conducting network (Wu J et al., 2008; Jung J. H. 
et al., 2011; Choi Y. G. et al., 2011 and Kannan R. et al., 2008). For instance, Chen et. 
al. reported that surface-modified carbon nanotubes (CNT) in Nafion matrix improved 
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its mechanical stability and proton conductivity (Kannan R. et al..; Chen W. F., 2008; 
Huang T. F. et al., 2011 and Liu Y. L. et al., 2010). Nevertheless, there is still a lack 
of detailed study on the physical chemistry aspects of the interaction between filler 
and Nafion molecules. It is clear that the generated filler-matrix interfacial 
characteristics are responsible to the changes in membrane structure, which in turn 
promotes proton conductivity and PEM fuel cell performance.  
 
In this work, we synthesized highly porous carbon nanospheres with pendant sulfonic 
acid groups (sPCN) and investigated how sPCN associate with Nafion molecules and 
affect proton transport under different relative humidity levels. sPCN possess high 
surface area (~1300 m2/g), readily accessible interior space (micro-pores, ~0.8 ml/g), 
and prevailing hydrophilicity. These porous features enable sPCN to act effectively as 
the proton transport promoter in the Nafion matrix in which they are uniformly 
distributed. It was observed that Nafion molecules underwent cross adsorption with 
sPCNs, leading to a physical crosslinking network. The sPCN themselves were the 
reservoir of both moisture and protons besides serving as the crosslinking junctions. 
The loading of sPCN in the Nafion matrix significantly affect the chain packing of 
Nafion molecules. With a loading greater than 1 % by weight, the cross adsorption 
structure turned to the self-adsorption structure that caused sPCN-Nafion core-shell 
like structure. This structural transition in the composite membranes was identified 
through the microscopic and thermal analyses. The analytical results were also in line 
with the evaluations of proton transport properties under different conditions. The 
loading of 1% sPCN in the Nafion matrix initiated the strongest crosslinking network 
of the composite membrane formulated, and thus gave rise to the highest magnitudes 
 122 
of water uptake, ion exchange capacity (IEC) and proton conductivity. In contrast to 
the pristine Nafion membrane matrix that was made by solution coasting and thus 
possesses the submicron domain-boundary morphology, the inclusion of 1 % sPCN in 
this matrix stimulated interconnected hydrophilic spots due to clustering of the 
sulfonic acid groups of Nafion with the uniformly distributed sPCN. As a result, the 
composite membrane sustained a power-density output 50% higher than that the 
pristine membrane could hold in a single PEM fuel cell using dry H2/O2 feeds at 70oC. 
This is proposed to be due to the radiations of proton conducting channels from 




5.2.1 Preparation of sulfonated porous carbon nanospheres (sPCNs) 
 
The porous CNs were synthesized using a method previously reported (Su F. B. et al., 
2010). In a typical run, a mixture containing 2 ml 1-decanol (> 99.5%, Fluka) and 60 
ml deionized water was stirred at 0oC for 20 min in a flask. 2.4 ml 
dodecyltrimethylammonium bromide (DTAB) (99%, Aldrich) was then introduced to 
the mixture under stirring for another 20 min. Subsequently, 1.6 g pyrrole (98%, 
Aldrich) was added dropwise in the resultant emulsion, which was then ultrasonicated 
for 5 min. After that, 4 g FeCl3 powder (anhydrous, 98%, Sigma-Aldrich) was added 
into the flask and the mixture was further ultrasonicated for 1 h. The generated 
polypyrrole in the form of nanospheres (PyN) was separated from the mixture by 
filtration. It was washed several times with ethanol and water, and dried in a vacuum 
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oven overnight at 60oC. The PyN were then pyrolyzed under N2 at 800oC for 2 h 
(heating rate 2oC/min) to obtain carbon nanospheres (CN). After that, the CN powder 
was blended with a certain amount of KOH in the presence of a small amount of 
water under gentle blending at 60oC in a plastic beaker for 2 hours before drying at 
100°C. The dried powder was then heated at 900oC for 1 h using a heating rate of 5 
oC/ min under N2 for the etching treatment. This treated CN was then washed in 1 M 
HCl solution and water and dried at 100oC to obtain a powder consisting of highly 
porous carbon nanospheres (PCN). The final sulfonation step was carried out by 
mixing 0.1 g PCN in 20 ml concentrated H2SO4 (ACS reagent, 95-98%, Aldrich) at 
150 oC for 4 h. After cooling, the solution was dropped into copious cold ethanol to 
precipitate the sulfonated carbon powder (sPCN), which was purified through 
repeatedly water rinse and filtration before drying at 60°C. 
 
5.2.2 Preparation of the Nafion-Carbon composite membranes 
 
As a typical procedure, Nafion solution (5 wt% in a mixture of low aliphatic 
alcohols/H2O (20%), EW 1100) was mixed with a given amount of sPCN (0.5% to 
2% by weight on the basis of dry Nafion resin). The suspension was ultrasonicated 
until a homogeneous sol was obtained. The sol was casted onto a petri dish and dried 
at 80oC for 12 hours. The membrane obtained was soaked in 1 M H2SO4 for at least 
24 hours before use. Nafion-x% sPCN (x = 0.5, 1, 1.5 or 2) are used to denote the 
composite membranes prepared in the following sections. A pristine Nafion 
membrane was also prepared by the same procedure as control. The thickness of 
membranes was fixed at about 50 µm.  
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5.2.3 Structure characterization  
 
The porous features of the carbon spheres were determined by the nitrogen isotherms 
obtained from Brunauer-Emmett-Teller (BET) surface area measurement (Autosorb-1, 
Quantachrome instruments). Before each measurement, the samples were degassed at 
300oC for 6 hours. The nano structure of porous carbon spheres was observed on a 
transmission electron microscope (TEM, JEM 2010F JEOL). The UV-Vis spectra of 
Nafion, Nafion-1% PCN2 and Nafion-1% sPCN sol were obtained respectively on a 
Shimadzu UV 3600 spectrophotometer. For this test, the samples were prepared by 
diluting the Nafion solution or the Nafion-1% sPCN (or PCN2) sol with 
isopropanol/water (v/v=7/5) to the concentration of 0.1 mg Nafion / ml. A similar 
sPCN sol was prepared as control sample. To examine the microstructure of bulk 
phase of a membrane, a cryogenic fractured cross-section of the membrane was 
examined on a field emission scanning electron microscope (FESEM, JEOL-JSM-
6700). The contents of -SO3H of sPCN powders were determined by titration: 0.05g 
sample was dispersed in a 30-ml NaOH solution (0.05 M) for 12 h. The mixture was 
centrifuged and the decanted solution was titrated by 0.05 M HCl. The content of –
SO3H groups in a sample was therefore obtained. The non-sulfonated porous carbon 
sample was also titrated as background for deduction. 
 
5.2.4 Thermal Analysis of the membranes 
 
The glass transitions of the Nafion chains in the composite membranes were 
determined by Differential Scanning Calorimetry (Mettler Toledo DSC 822e) using 
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the same way as described in the previous chapter (3.2.5). The dose of sample for the 
analysis was almost the same in order to compare the energy involved in their 
respective glass transitions. In addition, different condense states of the moisture 
trapped in a membrane were determined by DSC (Mettler Toledo DSC 822e) using 
the same way as in the previous chapter (4.2.6).  
 
5.2.5 Determination of water uptake and Ionic Exchange Capacity (IEC). 
 
Water uptakes and IEC of the membranes were measured at room temperature using 
the same method as listed in 3.2.7 and 4.2.8 respectively. 
 
5.2.6 Evaluation of electrochemical properties 
 
The measurement of proton conductivity of a membrane sample was conducted at 
different temperatures in water or under various RH% conditions controlled by the 
different saturated salt solutions at the same temperature. The measurements were 





5.3 Results and discussions 
 
5.3.1 Synthesis of sulfonated porous carbon nanospheres (sPCNs)  
Table 5.1 BET results of carbon samples with the variation of KOH usage 
Samples CN PCN1/4 PCN1 PCN2 PCN3 
KOH: CN - 0.25:1 1:1 2:1 3:1 
BET surface 
area (m2/g) 
24 51 862 1310 1432 
Total pore 
volume (ml/g) 
0.073 0.122 0.594 0.817 0.829 
 
The combination of non-ionic surfactant (1-decanol) with cationic surfactant (DTAB) 
enabled effective emulsifying of Py by ultrasonification. This led to the formation of 
PyN after polymerization. The subsequent carbonization of PyN and KOH-etching 






Figure 5. 1 The UV-visible spectra of diluted (0.1mg/ml) colloidal dispersion of 




Before KOH-etching, the carbonized product, CN, presented a very low BET surface 
area. This was also confirmed by the TEM examination in which both PyN and CN 
nanospheres showed little difference in matrix density (Fig. 5.1). In the pore-forming 
step, the KOH/carbon ratio was crucial in the effect of alkaline etching. As concluded 
in Table 5.1, PCN3 reaches a high BET surface area of 1432 m2/g. Further increase in 
KOH/Carbon ratio resulted in very low PCN yield and therefore was not 
recommended. This alkaline etching process to generate pores in a carbon sample has 
been reported (Cheng F. et al., 2008; Jaroniec M. Et al., 2008; Wang J. N. et al., 2007 
and Cheng F. et al., 2008; Jaroniec M. Et al., 2008 and Wang J. N. et al., 2007). At 
high temperature, K+ ions were reduced to metal by graphitized carbon and the 
oxidization of carbon caused expansion between graphene sheets due to the 
substitution of oxy-groups. This was confirmed by the XPS O 1s spectra (Fig. 5.2): 
CN displayed primarily carboxylic oxygen (531.2 eV) and PCN2 hydroxyl oxygen 
(533.0 eV) (Chen J. P. et al., 2006). The potassium carboxylate could be quickly 
eliminated during calcination and the phenol groups were produced by oxidation in 
this treatment. The effect of KOH dose used on pore-formation showed a clear trend 
as listed in Table 5.1. Of the PCNx (x = ¼ - 3), PCN2 was selected to prepare 
sulfonated PCN (sPCN) because it is easier to prepared than PCN3 and much higher 
surface area than PCN1. As the porous carbon nanoparticles PCN consist of graphite 
domains that are stacked by numerous graphine layers, the edges of these graphine 
layers at the boundary of domains could be easily anchored by sufonic acid groups 
through the electrophilic substitution because the edges are aromatic rings. The 
sulfonation caused a slightly smaller surface area of 1278 m2/g and the resulting 
sPCN had a –SO3H content of about 6.9 mmol/g. The XPS O 1s (Fig. 5. 2) of sPCN 
exhibited predominated S=O peak (532.5 eV) and its infrared spectrum also showed 
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characteristic S=O frequencies of sulfonic acid (1165 and 1320 cm-1). It is noteworthy 
that sPCN consisted of numerous random tiny graphite crystallites, namely nano-
domains (Fig. 5. 3) in which the gaps between graphene sheets (~5-6 Å) were 
apparent presumably due to the steric repulsion effect of the pendant –SO3H groups. 
Both the domain boundaries and gaps between graphene sheets contribute to the high 

















Figure 5. 2 O1s XPS spectra of the carbon nanospheres samples obtained from the 















Figure 5. 3 TEM images of the sulfonated PCN2: two sPCN nanospheres and the 
random graphite domains composing of sPCN.   
 
Following the examination on the types of oxy-group both PCN2 and sPCN carried 
(Fig. 5.2) and the expanded inter-sheet distances inside graphite domains (Figure 5. 3), 
it is natural to consider that Nafion molecules would adsorb onto these porous carbon 
spheres. The adsorption was thus verified by the UV-Vis spectroscopy of the colloidal 
suspension containing Nafion (0.1 mg/ml) and PCN2 (1 wt % of Nafion) that were 
dispersed in isopropanol/H2O (7:5). An adsorption band emerging at 257 nm marked 
the interaction between PCN2 and Nafion (Fig. 5. 4). Furthermore, the colloidal 
dispersion of sPCN displayed a stronger absorption band with the same λmax. It is 
clear that neither Nafion nor sPCN colloidal dispersion alone exhibited this absorption 
band due to electron-migration. It could be therefore suggested that the adsorption of 
the –SO3H groups of Nafion onto the surface consisting of the expanded graphite 
crystallites caused the observed electron migration absorption spectrum. A similar 
peak was reported when the graphene oxide was reduced to graphene by hydrazine in 
the presence of Nafion solution in diluted ethanol/water solution (Liu Y. Q. et al., 
2009). The association between sPCN and Nafion occurring in the dilute colloidal 




dispersion were intensified inside the composite membrane due to the intimacy 










Figure 5. 4 The UV-visible spectra of diluted (0.1mg/ml) colloidal dispersion of 
sPCN2, Nafion and Nafion with addition of 1wt%PCN2 and 1wt%sPCN2 in IPA/water 
(v/v=7/5).  
 
5.3.2 The structure characteristics of the Nafion-sPCN composite membranes 
 
The strong hydrophilic associations between sPCN and Nafion molecules made it 
easy to assimilate sPCN into the Nafion matrix. A change in the chain packing 
structure of Nafion molecules due to their adsorption with sPCN was identified by the 
thermal analysis as shown below. As the perfluoro chains of Nafion are incompatible 
with sPCN, it is logical to consider that accompanying the adsorption of the side-
chain –SO3H groups to sPCN, the main chains of Nafion constitute soft links among 





Figure 5. 5. The evolution of the structure of the Nafion-Carbon composite membrane 
from sIPN to random structure. 
 
The resulting matrix is thus different from the pristine Nafion matrix. This matrix 
structure was further examined by the differential scanning calorimetry. Fig. 5. 6(a) 
reflected the influence of the sPCN loading on the glass transition behaviour of 
Nafion. As reported (Lin Y. F. et al., 2007), the pristine Nafion membrane exhibits 
two glass transition regions: ∆Tg, ion = 150-200 oC represents the energy barrier caused 
by the association of the pendant –SO3H groups and ∆Tg, seg = 100oC reflects the 
energy required to drive segment motions along the perfluoro backbone of Nafion 
(Hong L. et al., 1999 and Yeo S. C. et al., 1977). With the inclusion of sPCN in 
Nafion matrix from 0.5% to 1.5%, the ∆Tg,seg moves up to a relatively higher 
temperature. This indicates the restriction to the chain movement of the perfluoro 
backbone because of the adsorption of more –SO3H groups to sPCN spheres. With the 
increases in sPCN loading from 1.5 to 2 %, although the ∆Tg, seg shifted slightly down, 
Cross-adsorption network Nafion-wrapped sPCN 















it showed the deepest glass transition step, i.e. absorbing the highest amount of energy 
of the samples. It is the sign that the maximum number of polymer segments amid the 
samples engaged in segmental motions. Except for the leverage on ∆Tg, seg, the sPCN 
loading also affected ∆Tg, ion: this endothermic concave shifted to a higher temperature 
with the presence of 0.5 % sPCN in the matrix owing to the adsorption of the –SO3H 
groups to sPCN spheres. The ∆Tg, ion endothermic cancave reached the maximum 
extent in terms of heat involved and temperature at 1 % sPCN loading. This 
endothermic transition, however became weaker when the sPCN loading was 
increased to 1.5 %. Furthermore, the concave barely appeared in the DSC profile of 
Nafion-2% sPCN but instead an exothermic ramp was observed. This phenomenon 
indicates that a significant decrease in the number of –SO3H groups adsorbed onto 
sPCN spheres due to the reduction in the cross adsorption. In other words, the –SO3H 
groups from the same Nafion molecules were likely to attach to the same sPCN 
sphere. The entropy driving force is presumably to be responsible for the reduction in 
the cross-particle adsorption since Nafion chains can assume higher conformational 
entropy if each Nafion molecule was less extended so long as more sPCN spheres 
became available. The resulting core-shell like particles (by the self-adsorption) 
aggregated together with the un-adsorbed Nafion molecules as illustrated in Fig. 5. 
5(b). Also, the un-adsorbed Nafion molecules did not take up the same chain packing 
pattern as that in the pristine Nafion as proven by the lack of ∆Tg, ion. Hence, the 
perfluoro backbones of these un-adsorbed molecules must have entangled with those 
in the pseudo core-shell particles. The maximum ∆Tg, seg step presented by the Nafion-
2% sPCN membrane as previously highlighted supports this inference. Moreover, the 
exothermic step over the range of 180-220 oC as indicated in the thermogram of this 
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sample can be attributed to the formation of polytetrafluoroethylene crystallites amid 
primarily the un-adsorbed Nafion molecules.  



























Figure 5. 6 DSC (a) and DMA (b) of various membranes. The temperatures marked in 














The temperature-dependent storage modulus (SM) curves of the Nafion-sPCN 
composite membranes, obtained from DMA (Fig. 5. 6 (b)), reflected the impact of 
sPCN loading on the Nafion chain packing from another perspective. In this test, the 
1% sPCN loading revealed the maximum SM profile over the temperature range 
investigated whereas the 2 % sPCN showed a much lower profile. The 0.5 % sPCN 
loading manifested a SM profile between the above two. This trend represented the 
contribution of the energy barriers due to freezing of segment motions and ionic 
clustering since the SM peak emerged in the temperature range below both ∆Tg, seg and 
∆Tg, ion. The 1.5 % sPCN loading did not follow the above trend. It exhibits the lowest 
modulus and its rather broad SM peak extended to the higher temperature (> 100 oC). 
This outcome was resulted from the special chain packing structure of this membrane: 
i) the aggregation of the core-shell particles formed through self-adsorption 
deteriorated the matrix strength; and ii) a certain extent of resumption of the cross 
adsorption during the test with the increase in testing temperature withheld the 
strength. This phenomenon happened only in the 1.5 % sPCN sample because it 
contained partial local cross-adsorption, partial self-adsorption and un-adsorbed 
Nafion molecules. The fact that Nafion-2% sPCN membrane showed a stronger SM 
peak than Nafion-1.5% sPCN membrane can be attributed to upholding role of 
entanglement of a larger number of perfluoro-main chains as verified above by its 
largest amount of energy of segment motion. The DMA result justified the formation 
of the chain-and-sphere crosslinking network in the Nafion-sPCN composite 



























Figure 5. 7  The cross-sectional FESEM of Nafion (a), Nafion-0.5%%sPCN (b), 
Nafion-1%sPCN (c), Nafion-1.5%sPCN (d) and 2%sPCN (e) composite membrane. 
 
e 
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An insight view into the bulk morphologies of the composite membranes (Fig. 5.7) 
could find variations in the microstructures with the increase in sPCN loading. The 
pristine Nafion membrane showed a dense matrix assembled by submicron domains 
(Zhang X. H. et al., 2008). In contrary to this, inclusion of 0.5 % and 1 % sPCN into 
Nafion matrix caused a uniform distribution of submicron pores amid these domains 
(5. 7(b) and (c)). Each domain was presumably composed of a sPCN sphere and a 
number of –SO3H from different Nafion molecules as illustrated in Fig. 5. 5a. It is 
also noteworthy that the domains were interconnected to each other, coinciding with 
the chain-and-sphere crosslinked network structure as proposed earlier. The pores 
came from an even contraction of the hydrophilic crosslinking junctions: Nafion–
SO3H ~ sPCN during curing and drying of the membrane. A further increase in the 
sPCN loading to 1.5 and 2% brought about a denser bulk and bigger domains (5. 7(d) 
and (e)). Such transition of morphology occurred since an overdose of sPCN spheres 
in the Nafion matrix triggered out the self-adsorption, and as described previously, 
generation of random aggregations of core-shell particles and un-adsorbed Nafion 
molecules. In the Nafion-2% sPCN membrane, the self-adsorption became more 
prevailing and hence, the aggregations resulted in formation of flakes in micron scale. 
The crack lines observed in the bulk of it (5. 7(e)) were due to inefficient dissipation 
of the stress generated through drying because the membrane no longer possessed 






5.3.3 Examination of hydrophilic phase in the Nafion-sPCN composite 
membranes 

























Figure 5. 8 Low temperature DSC of various membranes with the same dry weight. 
 
The specific fusion heat of moisture entrapped in an ionmer matrix can be used to 
investigate the hydrophilic micro-environments distributed in the matrix. Water 
absorbed in such a matrix can exist as free water, freezing bound water, and non-
freezing bound water (Higuchi A. et al., 1985 and Kim Y. S. et al., 2003). The free 
water behaves like bulk water fusing at 0oC and showed a sharp endothermic peak at 
0oC on DSC thermogram. The freezing bound water freezes below 0oC owing to weak 
interactions with the hydrophilic groups of polymer, such as through hydrogen 
bonding (Lue S. J. et al., 2009). The non-freezing bound water has no detectable 
phase transition from -73 to 0oC because water molecules function as ligand of 
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cations (Karlsson L. E. et al., 2002). As shown in Fig. 5. 8, the pure Nafion membrane 
exhibited a broad water fusion transition with the peak temperature at about -23.3oC, 
indicating the presence of only freezing bound water in the pure Nafion membrane 
(Lue S. J. et al., 2009; Saito M. et al., 2005 and Chen W. F. et al., 2007). On the basis 
of this measurement result, incorporating 0.5 % sPCN into Nafion shifted the fusion 
peak temperature up to about -9 oC. The fusion peak in this composite membrane was 
broader and stronger than that in the pristine Nafion with the majority of water in the 
lower fusion region. Clearly, the alternative hydrophilic environment due to formation 
of the Nafion-SO3H ~ sPCN junctions increased the uptake of freezing bound 
moisture by about 33% than that in the pristine Nafion. The more hydrophilic micro-
environments, the higher will be the fusion temperatures of the moisture entrapped in 
them. This trend was also observed in the Nafion-1% sPCN membrane. However, the 
fusion heat of this membrane did not increase proportionally despite a clear increase 
in water uptake and IEC (Fig. 5. 9). This discrepancy suggested that a large amount of 
moisture become non-freezing bound water entrapped in the sPCN. When the sPCN 
loading was further increased to 1.5 %, the fusion heat decreased by about 25% and 
the sample held almost the same level of water uptake and IEC as that of the 1.0% 
sPCN. It implies that the amount of moisture in each sPCN sphere was reduced and 
therefore non-freezing water portion was increased relatively. The decrease in the 
hydrophilic capacity of sPCN in Nafion-1.5% sPCN is consistent with the formation 
of core-shell structure as proposed earlier. Such shift towards a less hydrophilic 
matrix became more apparent when 2 % sPCN was included into the Nafion matrix. 
Both fusion heat and fusion temperature slid down, indicating an apparent reduction 
in the moisture content in sPCN spheres distributed in this membrane. 
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Correspondingly, both water uptake and IEC of this membrane were also lower than 
those the 1.5 % sPCN membrane displayed.  
 
Figure 5. 9  The water uptake and ionic exchange capacity (IEC) of various 
membranes. The sPCN content in the composite membranes were given in the x-axis 
of the figure. 
 
 
5.3.4 Electrochemical evaluation of the Nafion-Carbon membranes 
 
The proton conductivity (σ) values of the composite membranes Nafion-x % sPCN (x 
= 0 ~1.5) at different temperatures up to 95 oC and under 100% RH are in line with 
the sequence of their IEC values. However, the membrane (x = 2), in spite of showing 
an IEC value just slightly smaller than those of the two membranes (x = 1 and 1.5), 
presented an σ-T curve below the pristine Nafion membrane (Fig. 5. 10 (a)). The IEC 
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value, reflecting the density of accessible –SO3H groups in the membrane matrix, is a 
thermodynamic equilibrium property. This means that it requires a longer duration to 
achieve equilibrium. Contrary to IEC, the measurement of σ reflects the kinetic 
factors, such as tortuosity, width of proton conducting channels and temperature-
related chain motions, other than the favourable thermodynamic factors. The low σ of 
the Nafion-2% sPCN membrane observed had the root cause in the aggregation of the 
core-shell particles in which the hydrophilic sPCN were segregated from each other. 
Furthermore, the control revealed an σ-decreasing trend after 85 oC due to loss of 
matrix moisture while the composite matrices containing 0.5-1.5 % sCPN still kept 
the increasing trend after this temperature. Regarding the moisture-retaining 
capability, the Nafion-1% sPCN membrane was tested at 11% RH and compared with 
that of the pristine Nafion membrane (Fig. 5. 10 (b)). The σ of the composite 
membrane declined much more slowly since beginning (ca. 2.5 h) in contrast to the 
pure Nafion (ca. 1 h) before both profiles levelled off. After that, the former one kept 
greater σ values by 7-8 times than the latter one over a relatively long duration. It has 
been proposed by Wang and co-workers that the bound water portions are resilient 
against dry environment and this is able to maintain its proton conductivity longer 
(Wang J. T. et al., 2011). Indeed, Fig. 5. 8 has indicated that the composite membrane 
contained a greater amount of bound water than the pristine one. It may also be noted 
that although the σ of composite membrane ultimately dropped to 10-4 S/cm under 11 
% RH, the PEM fuel cell operating in the low temperature range (50-100 oC) could 
still has a higher RH values because of the moisture generated in cathode. The 










































Figure 5. 10 Comparison of proton conductivities of the pure Nafion and the 
composite membranes with different sPCN loading at 100% RH (a) and with 




Fig. 5.11 compares the polarization curves and the corresponding power density 
outputs of the single cell tests in which Nafion-1% sPCN composite membrane, the 
pristine Nafion membrane and the commercial N-112 membrane were loaded 
respectively. The cell evaluation was conducted at three different temperatures: 20oC, 
50oC and 70oC without using an external humidifier system. Before the above 
evaluation, we had scrutinized the polarization curves of the 1% sPCN, 0.5% sPCN 
and 2% sPCN membranes. The 1% sPCN membrane displayed superior performance 
over the other two and was selected therefore. The Nafion-1%sPCN membrane 
showed the best performance at all the temperatures. The improvement on power 
output due to the presence of 1 % sPCN in the cast Nafion matrix was above 30 % 
with respect to the N-112 membrane at 20 oC. The Nafion-1% sPCN membrane gave 
the maximum power output of 571.5 mW/cm2 at 70 oC, whereas the two controls 
showed 421 mW/cm2 (N-112) and 388 mW/cm2 (casted), respectively. In principle a 
trade-off exists between enhancement of proton transport rate and dehydration from 
membrane matrix caused by the rise in temperature. The sPCN functioned not only as 
crosslinking junctions but also proton reservoir in addition to preserving moisture 
because they bore densely pendant sulfonic acid groups and highly dispersed in the 
matrix. As a result, short distances among these particles had effectively alleviated the 
concentration polarization effect as exhibited in the fuel cell performance of the 
composite membrane. Other than maintaining a high flux of proton, it was paramount 
to achieve an imitate contact between the membrane and the electrodes in the 
membrane electrode assembly (MEA). The cell evaluation result implies that the 
change in membrane matrix structure due to incorporation of sPCN could still retain 
the required interfacial compatibility. Despite promising performance, a rigorous 
evaluation on the chemical stability of the membrane, lifetime durability of MEA, and 
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possible corrosion problems with the electrode materials are necessary for commercial 



































Figure 5. 11 The comparison of the polarization curve and power output of H2 fuel 
cell at 20oC (a), 50oC (b) and 70oC (c), for Nafion, N112 and Nafion-1%sPCN 
membranes. 
 
5.4 Conclusions  
 
Incorporation of a tiny amount of sulfonated porous carbon nanospheres (sPCN) into 
the matrix of Nafion would induce generation of a crosslinking network, which was 
constructed through the cross adsorption of Nafion polymer molecules onto sPCN. 
The sPCN prepared through a multiple-step synthesis comprised graphite crystallites 
and the expanded gaps between graphene sheets due to the pendant sulfonic acid 
groups introduced. The resulting composite matrix structure was sensitive to the 
loading of sPCN. A slight overdose turned the matrix to aggregation of Nafion-
wrapped sPCN particles that replaced the crosslinking network structure. The loading 
of 1 wt% sPCN in Nafion reached the maximum extent of crosslinking as per the 
c 
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scanning calorimetry and dynamic mechanical analysis. In addition, this membrane 
possessed the largest capacity to trap bound-water that freeze in a wide temperature 
range below 0 oC, the largest ion exchange capacity (IEC), and proton conductivity 
(100% RH and 25-95 oC) among the membranes with sPCN loading varied from 0 to 
2 %. Moreover, this 1% sPCN loading membrane exhibited stronger moisture-
retention capability than its pristine counterpart. These structural and properties 
enhancements were supported by the crosslinking network in which the very 
hydrophilic sPCN served as junctions. It is because of such spatial arrangement, the 
sPCN with short mean distance between them also behaved as micro proton pools, 
which hence largely reduced concentration polarization effect. This role was verified 
by the single H2-PEM fuel cell evaluation, which was operated at 20, 50 and 70 oC 
and fuelled by dry H2/O2. The Nafion-1% sPCN composite membrane sustained 
significantly higher power density outputs than the pristine Nafion membrane and 











CHAPTER 6 EMBEDDING OF HOLLOW POLYME 
MICROSPHERES WITH HYDROPHILIC SHELL IN NAFION 




This chapter presents continuous effort to explore specific interactions between filler 
and Nafion matrix and the effect of the interactions on proton conductivity and fuel 
cell performance at elevated temperatures and/or low humidity conditions. As 
mentioned in the previous chapters, the focus is on enhancing capability of Nafion 
matrix to retain moisture at elevated temperatures (Nguyen T. V. et al., 2009; Hickner 
M. A., 2010; Lee S. Y. et al., 2005 and Lee S. Y. et al., 2007; Zhang Y. et al., 2007; 
Pereira F. et al., 2008; Garrido L. et al., 2009; Park M. J. et al., 2007 and Tsang E. M. 
W. et al., 2007). In the resulting composite membrane, hydrogen bonding between the 
surface hydroxyl group of inorganic filler and the pendant sulfonic acid group (–
SO3H) of Nafion assists the dispersion of filler particles in the host matrix (Pereira F. 
et al., 2008 and Adjemian K.T. et al., 2006). Grafting hydrophilic oligomeric chains to 
inorganic particles has furthered the preparation technique of Nafion nanocomposite 
membranes. With the aim of achieving the forestated goal, use of hydrophilic hollow 
polymer spheres (HPS) as filler is apparently more attractive (Yuan J. J. et al., 2008; 
Pu H.T. et al., 2010; Lou L.D. et al., 2011; Wang J.T. et al., 2011; Yuan J. J. et al., 
2009 and Pu H.T. et al., 2012) because this particulate structure possesses larger 
interior space for storing water and the porous hydrophilic polymeric shell prevents 
quick evaporation of water while the membrane is subjected to dehydration (Omidian 
H. et al., 2005 and Gemeinhart R.A. et al., 2000). It has also been considered that the 
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Grotthuss mechanism became prevailing in the presence of hydrophilic HPS in a PEM 
matrix (Kannan R. et al., 2008) because the matrix water strongly associates with 
pendant hydrophilic functional groups and therefore immobile.  Despite recognition 
of the role of hydrophilic HPS in promoting proton conductivity in PEMs, it is 
essential to examine how the moisture-retention property of hydrophilic HPS in a 
PEM affects the fuel cell performance. Furthermore, it is imperative to understand 
how explicitly a typical type of HPS filler in a PEM, for instance Nafion, alters the 
matrix structure and then properties of the composite membrane, including water 
uptake, proton conductivity under low humidity condition, and ion-exchange 
capability. Hence, this work explored the attainable maximum power density of single 
fuel cell loaded with a HPS-Nafion composite membrane and its structural origins.  
Scheme 6. 1 Schematic illustration for the preparation of s-HPS. 3: 















HPS (100-200 nm) were synthesized through a three-step procedure as illustrated 
in Scheme 6. 1, which is similar to the literature method (Li G. L. et al., 2008). Two 
types of hydrophilic HPS, with poly (sulfonated styrene-divinylbenzene) shell (s-HPS) 
and poly (methacrylic acid-divinylbenzene) shell (c-HPS), respectively, were obtained 
from this preparation. Variations of the water-related membrane properties due to the 
presence of these two types of HPS in Nafion matrix by 0.5 wt% loading were studied. 
The results revealed that the reduction in proton conductivity, caused by removing 
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moisture from the HPS-Nafion composite membranes in dry or hot surroundings, 
could be noticeably held back. Furthermore, the obvious superiority of the composite 
membranes over the control samples, the cast and commercial Nafion membranes, is 
reflected in the single fuel cell evaluation. The present work validates the role of 
microreservoirs of water and proton in a PEM matrix, which not only helps to retain 
matrix water but also promote convection of protons.  
 




Tetraethyl orthosilicate (TEOS, 98%), 3-(trimethoxysilyl) propylmethacrylate (MPS, 
98%), styrene (St) (> 99%, Aldrich), divinylbenzene (DVB) (80%, Aldrich), 2, 2′-
azobisisobutyronitrile (AIBN) (98%, Aldrich), methacrylic acid (MAA) (> 98%, 
Aldrich), hydrofluoric acid (HF) (48% in water, Aldrich), doubly distilled water 
(DDW), ammonia (25% in water, Aldrich) and analytical grade acetonitrile and 
ethanol were used for the experimental processes.  
 
6.2.2 Synthesis of SiO2-MPS nanoparticles 
 
MPS modified silica templates were prepared according to the Stöber method. About 
4.5 mL of TEOS was added to a mixture of 75 mL of ethanol, 7.5mL of DDW, and 
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1.5 mL of ammonia. The mixture was vigorously stirred at room temperature for 24 h. 
A total of 1 mL of MPS was then injected into the silica sol dispersion and the 
dispersion was stirred at room temperature for another 24 h. After the reaction, the 
resultant MPS modified silica particles SiO2-MPS were purified by centrifugation. 
 
6.2.3 Synthesis of SiO2/polymer core-shell nanoparticles 
 
About 0.2 g SiO2-MPS powder was dispersed into 80 mL of acetonitrile under 
ultrasonication in a 100 mL flask, equipped with a fractionation column, a condenser, 
and a receiver. A mixture of St (1.15ml, 0.01 mol), DVB (0.267ml, 0.0015 mol, 15 
mol% relative to styrene), and 2, 2′-azobisisobutyronitrile (AIBN, 0.02 g) was then 
added into the flask. The polymerization then proceeded under reflux and removing of 
solvent by gradual distillation. Through this distillation process, the P(St-DVB) 
network formed in the solution phase underwent effective grafting to the MPS surface 
anchors, leading to a polymer shell on each SiO2 microsphere. The reflux lasted 1.5 h 
and 40 mL acetonitrile was distilled off. The resultant SiO2-P(St-DVB) core-shell 
microspheres were purified using soxhlet extraction procedure in which the remaining 
monomers and oligomers were removed by a binary solvent of acetonitrile and 
ethanol. The resulting SiO2-P(St-DVB) powder was vacuum dried at 50 °C. The 
particles were then sulfonated in a concentrated sulfuric acid at 50 oC for 3 h and the 
mixture was poured into a cold ethanol to allow sedimentation of pale yellow particles. 
After centrifuging and washing with ethanol, the collected powder was vacuum dried. 
Similarly, the preparation of SiO2/P(MAA-DVB) was prepared by the distillation 
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polymerization except sulfonation. Hence two different types of hydrophilic 
SiO2/polymer core-shell particles were synthesized.   
 
6.2.4 Synthesis of hollow polymer nanopheres (HPS) 
 
The SiO2/polymer core-shell microspheres were treated in 8% HF for 48 h by gentle 
agitation in a plastic flask. The unused HF and reaction product (SiF4) in liquid phase 
were separated from the hollow microspheres by centrifuging and the microspheres 
were washed in ethanol and water for several cycles. The hollow polymer spheres 
prepared are labeled by s-HPS and c-HPS, respectively, with the former bearing -
SO3H pendant groups while the later one -CO2H pendant groups. The equivalent 
weights of s-HPS (5.7 mmol SO3H /g) and c-HPS (4.8 mmol CO2H /g) were 
determined by titration. In a typical run, 0.01g sample was gently stirred in 20 ml 
0.01M NaOH for overnight. The mixture was centrifuged and the clear decant was 
titrated by 0.01M HCl. In addition, the sample of hollow spheres with the pristine 
P(St-DVB) was prepared as control. 
 
6.2.5 Fabrication of the composite membranes 
 
As a typical procedure, Nafion solution [5 wt% in a mixture of low aliphatic 
alcohols/H2O (20%), EW 1100] was mixed with HPS (0.5 wt% on the basis of dry 
Nafion resin). The suspension was ultrasonicated until a homogeneous sol was 
obtained. The sol was casted onto a petri dish and dried at 80oC for 12 h. The 
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membrane obtained was soaked in 1 M H2SO4 for at least 24 h before use. The 
thickness of membranes was fixed at about 50 µm. Three composite membranes 
obtained are named by N/s-HPS, N/c-HPS and N/n-HPS. As defined above, the first 
two denote the composite membranes containing s-HPS and c-HPS in Nafion matrix 
respectively, while the last one denotes the composite membrane containing the HPS 
that has neutral or hydrophobic P(St-DVB) shell, which was prepared as the control 
sample.  
 
6.2.6 Characterization.  
 
Structural Characterizations  
 
The functional group types of the three HPS samples were confirmed on a Fourier 
transform infrared spectrophotometer (Bio-Rad FTS 135). The field emission 
scanning electron microscopy (FESEM) of the cross-section of membrane was 
recorded on a JEOL JSM-6700 scanning electron microscope. The transmission 
electron microscopy (TEM) images of HPS were obtained on a JEOL JEM- 2010 
transmission electron microscope.  
 
Determination of water uptake and ionic Exchange Capacity (IEC). 
 
Water uptakes and IEC of the membranes were measured at room temperature using 
the same method as what described in 3.2.7 and 4.2.8 respectively.     
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Thermal Analysis of the cast membranes 
 
The states of water trapped in a membrane were determined by DSC (Mettler Toledo 
DSC 822e) in the range from -100 to 100oC by a heating rate of 5 oC/min. The 
fraction of freezable and non- freezable water can be evaluated by the following 














(%)_(%)_(%)_ waterfreezableuptakewaterwaterfreezableNon −=−  
Where  ∆H melt is the specific fusion heat of the water in a membrane; ∆H f, ice is the 
fusion heat of pure ice (334 J/g).  
 
Evaluation of electrochemical properties of the composite membranes 
 
The measurement of proton conductivity of a membrane sample was conducted at 
different temperatures in water or under various RH% conditions controlled by the 
saturated solutions of different salts. The similar sample cell to that presented in 
chapter 3 was used and the measurements were undertaken using the same way as 
described in the 3.2.8.  
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6.3 Results and Discussion 
 
6.3.1 Characteristics of the HPSs 
 
The synthesis of submicron s-HPS employed the bottom-up strategy as depicted in 
scheme 6.1 and the respective FTIR spectrum was shown in Fig. 6.1. Initially SiO2-
MPS seed particles with diameters of 100-150 nm were synthesized using the Stöber 
process (Stöber W. et al., 1968 and Bourgeat-Lami E. et al., 1998). The FTIR 
absorption spectrum of the SiO2-MPS particles shows a peak at 1630 cm-1 (Fig. 6.1a), 
which corresponds to the double bond (vinyl groups) stretching of the MPS units 
attached to the SiO2 microspheres. This peak shows a shoulder at about 1730 cm-1 
representing the carbonyl group. Vinyl groups on the surface of SiO2-MPS 
microspheres then served as anchor to the radical chains produced in the solution 
upon polymerization, and the accompanying distillation drove the interfacial grafting 
to generate the SiO2-P(St-DVB) core-shell microspheres. The spectrum (Fig.6.1b) 
proves realization of this structure according to benzene ring stretching at 1500 cm-1, 
aromatic C-H stretching at 3010 cm-1 and the main chain C-H stretching at 2900 cm-1. 
The subsequent sulfonation introduced –SO3H groups to benzene rings in the P(St-
DVB) shell. The characteristic double S=O stretching peaks at about 1041 and 1180 
cm-1 could be observed only after silica core was removed since the broad –Si-O-Si– 





Figure 6. 1 FTIR spectra: MPS modified SiO2 seeds (a), SiO2-P(St-DVB) core-shell 
spheres (b), the sulfonated SiO2-P(St-DVB) spheres (c), and s-HPS (d).  
 
Figure 6. 2 shows the TEM image of the core-shell structures of the SiO2/P(St-DVB) 
and SO2/P(MAA-DVB) spheres. The resultant core-shell microspheres of both types 
had a 20-30 nm thick shell. Hollow polymer spherical structure with two types of 
functional groups, -SO3H (s-HPS) and –CO2H (c-HPS), were securely retained after 
the silica core was removed. It is noteworthy that the P(St-DVB) must be sulfonated 
in the presence of SiO2 core in order to etch the SiO2 core more readily and to avoid 
splintering of the P(St-DVB) shell while it is sulfonated. The hollow structures of the 
s-HPS and c-HPS spheres exhibited well-defined capsular structure and an integrity 
shell. Also, the sufficiently high DVB crosslinking extent assured a free-standing 
























Figure 6. 2 FETEM images of SiO2-PS (a), s-HPS (b) SiO2-PMAA (c), and c-HPS 
sphere (d).  
 
6.3.2 Broadening hydrophilic channel of Nafion by hydrophilic HPS  
 
The cryofractured cross-sections of the four membranes of interest exhibited a clear 
transition from a dense and homogeneous matrix of the pristine Nafion membrane to a 
micro-rupturing matrix of the composite membranes, i.e. N/s-HPS and N/c-HPS. This 
change in morphology is typically due to interaction between Nafion matrix and the 
filler used. The composite membrane N/n-HPS, containing neutral HPS, nevertheless 





Assimilating either s-HPS or c-HPS into Nafion matrix was to trigger hydrophilic 
interaction between –SO3H groups of Nafion molecules with s-HPS or with c-HPS 
(Tsang E.M.W. et al., 2007). Compared to the microstructure of the pristine Nafion 
(Fig. 6. 4) consisting of perfluoro-polymer domains and a hydrophilic and continuous 
boundary phase, the hydrophilic HPS associated with the boundary composed of  
pendant –SO3H groups to form a particle-domain packing morphology since both 
have roughly comparable submicron particle sizes (Scheme 6.2). As a result, the 
association of the Nafion domains became insignificant or was weakened due to 
spatially distancing effect. After drying, such composite membrane is mechanically 
weaker than the denser pristine Nafion membrane matrix. Hence, numerous micro-
ruptures could be observed across the cross-section (Fig. 6. 3c and 6. 3d). Owing to 
considerably low specific density, 0.5 wt% loading of either c-HPS or s-HPS would 
have taken up a large volume fraction of the hydrophilic phase of Nafion. However, 
the smaller volume fraction of hydrophilic phase, relative to the hydrophobic 
perfluoropolymer phase, in Nafion could not separate the filler particles extensively 
and thereby the structure of composite can be illustrated by scheme 6. 2, which was 
actually verified by many loosely bound hydrophilic HPS and the broadened gap 
between the Nafion domains in Fig. 6. 3c and 6. 3d. These hydrophilic HPS 
aggregates functioned as strong moisture reservoir with prominent effect on proton 
transport, which will be elaborated in the following section. Despite the positive effect 
of hydrophilic HPS, a loading exceeding 0.5 wt% would further weaken the cohesive 
strength of membrane and hence be irrelevant. On the contrary, being hydrophobic in 
nature, n-HPS particles were likely to be entangled by perfluoro-chains upon drying. 
As the hydrophobic perfluorocarbon chains take up the major volume fraction and this 
hydrophobic combination does not or only slightly perturb the ionic clustering of –
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SO3H throughout the membrane, a dense morphology could still remain after being 
cryofractured. In summary, the hydrophilic HPS filler acted to broaden proton 







Figure 6. 3 FESEM images of the cross-section of Nafion (a), N/n-HPS (b), N/s-HPS 
(c), and N/c-HPS (d) composite membranes. A 0.5% loading of HPS filler exists in 




Figure 6. 4 The cross-sectional FESEM of the cast Nafion membrane. 
 
Scheme 6. 2 The formation of the Nafion/hollow sphere composite membrane 
structure. 
 
6.3.3 Effects of water micro-reservoir in the composite membranes  
 
It is believed that proton transport occurs in hydrophilic channel consisting of acidic 
groups (typically –SO3H) and proton-water clusters (such as H3O+, H5O2+, and H9O4+) 
(Eikerling M. et al., 2001; Kornshev A. A. et al., 2003 and Spohr E. et al., 2002). 
Therefore, besides the concentration of sulfonic acid groups, both physical states and 
content of the water entrapped in hydrophilic channel are influential to the proton 
s-HPS 
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transportation. As proposed above, the assimilation of hydrophilic HPS into Nafion 
was to enhance water uptake. The temperature effect on water uptake at 100% RH 
showed the sequence as expected (Figure 6. 5a) where N/s-HPS revealed the largest 
water-absorption capacity of the three membranes under investigation. Furthermore, 
their water absorption capability was examined by equilibrating the membranes with 
different RH% at 20 oC (Figure 6. 5b). The composite membranes revealed stronger 
moisture capture capability than the pristine cast membrane. Fundamentally, this 
implies the existence of a denser distribution of hydrophilic sites in the composite 
membranes. Furthermore, the condensed states of water entrapped in a membrane can 
be described by ‘free water’ freezing at 0oC, “freezable bound water” or “freezable 
water” freezing below 0 oC, and “non freezable bound water” or “non freezable 
water” due to absence of hydrogen bonding among water molecules, and hence, no 






Figure 6. 5 The water uptake of the various membranes: impact of temperature under 
100% RH (a), and impact of % RH relation at 20 oC (b). 
 
Both free water and freezable water can be identified by the low temperature DSC 
profiles (Gref R. et al., 1992 and Lue S. J. et al., 2009) as shown in Figure 6. 6. The 
four membranes displayed only freezable water existing below 0oC. Assuming that 
the specific fusion heat of freezable water would remain approximately the same as 
that of free water (4.18 cal /g) regardless of the shift of freezing point, the amount of 
this type of water could be calculated (Table 6.1). Subsequently, the non-freezable 
water would be the difference between water uptake and the amount of the freezable 
water. In contrast to the freezing point of freezable water in the Nafion membrane, 
which is identical to the reported value (Lue S. J. et al., 2009 and Chen W. F. et al., 
2007), the freezable water in the three composite membranes showed higher freezing 
point as expected due to the lodging of water inside the chamber of HPS. Unlike some 
b 
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hydrophilic polymer matrices, such as poly (vinyl alcohol) (Zhang W. Z. et al., 1989) 
and sulfonated polystyrene (Gupta B. et al., 1996), these three composite membranes 
contain no free water. This observation can be attributed to the substantially small 
sizes of dispersed water droplets and a high percentage of water molecules associating 
with the pendant –SO3H groups. Hence, the bulk properties of the water droplets 
significantly faded. By this interfacial effect, the stronger the interfacial interactions 
between water droplets and hydrophilic groups, the lower the freezing point. Indeed 
the water freezing points of the composite membranes showed the order: N/s-HPS < 
N/c-HPS < N/n-HPS, which is determined by the hydrophilic affinity of HPS, i.e. the 
stronger affinity led to stronger interfacial interactions following the order of s-HPS > 
c-HPS >> n-HPS in terms of hydrophilicity. This order also reflects the same trend of 
freezable water% described in Table 6.1. Of the three composite membranes, the N/n-
HPS membrane contained hydrophobic n-HPS particles that associated with 
perfluorochains as ascribed above. The analysis of water state further suggests that 
this association reduce the packing density of perfluoro chains because of the 
occurrence of the interface between perfluorochain and P(St-DVB). Such perturbation 
occurring in the hydrophobic domains might also affect the clustering of –SO3H 
groups in the hydrophilic channels to a small extent. This is supported by the increase 
in freezable water content and the reduction in non-freezable water content in the N/n-
HPS relative to the pristine Nafion membrane.  
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Figure 6. 6 Low temperature DSC of Nafion membrane and the composite 
membranes N/s-HPS, N/HPS and N/c-HPS membranes, each with 0.5wt% filler.  
 
The measured IEC values (Table 6.1) unveil not only the equilibrium accessibility to 
the pendant acid groups but also structural response in connection with the above 
assignment on hydrophilic channel. Both Nafion and N/n-HPS show the same IEC, 
implying no blockading action imposed by the n-HPS particles to the hydrophilic 
channels. Moreover, the composite membranes, N/c-HPS and N/s-HPS, showed IEC 
values of 0.82 and 0.88 mmol/g, respectively. The calculated value of IEC of N/s-
HPS can be made using the measured IEC of Nafion membrane (0.75 mmol/g) and 
the measured equivalent mass of s-HPS (5.7 mmol/g) by the formula: 0.5% × 5.7 
mmol/g + 99.5% × 0.75 mmol/g = 0.775 mmol /g. Obviously, this calculated value is 
well below the experimental IEC of N/s-HPS. This difference of about 13.5% 
validates the role of s-HPS particles in broadening hydrophilic channel, which opened 
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accessibility of those dead ends in the pristine Nafion matrix.  A similar discrepancy 
also existed in N/c-HPS. In addition, the difference in IEC between N/s-HPS and N/c-
HPS is 0.06 mmol/g, a far greater discrepancy than that between s-HPS and c-HPS 
(i.e. 0.0045 mmol/g). As found previously, the IEC value is largely affected by a 
strong acid rather than a weak acid (Lee C.H. et al., 2006).  











Nafion 0.75 ± 0.01 28.9 ± 2.3 -22.0 13.8 15.1 
N/n-HPS 0.75 ± 0.03 30.1 ± 2.2 -9.37 18.9 11.2 
N/c-HPS 0.82 ± 0.02 32.5 ± 2.1 -10.7 20.2 13.3 
N/s-HPS 0.88 ± 0.06 40.0 ± 3.3 -15.2 26.7 13.3 
 
6.3.4 Influence of Moisture Level on Proton Transport in the Composite 
Membranes 
 
The above study on water uptake, condensed state of water, and IEC comes to the 
conclusion: both s-HPS and c-HPS participated in restructuring hydrophilic channel in 
Nafion matrix, entrapped additional amount of water in the tiny cavities, and 
functioned as supplement pendant acid sites. Similar phenomena were also observed 
previously (Su Y.H. et al., 2007 and Lafitte B. et al., 2007). The enhancement of 
water reservation and reachability of acid sites on proton transport and 
electrochemical polarization was examined in this section. Figure 6.7 investigated 
variation of proton conductivity of the three membranes with temperature at 100% 
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RH. A clear sequence of N/s-HPS > N/c-HPS > Nafion was presented over the 
temperature range (25-95 oC). This sequence is consistent with the water uptake, 
which favored the Grotthuss or hopping mechanism, and with the density of acid 
groups, which enhanced proton flux and possibly the vehicle mechanism (Kreuer K. 
D. et al., 2004). Regarding the superior conductivity of N/s-HPS over N/c-HPS, the 
stronger –SO3H (based on ionization constant Ka) than –CO2H is an additional factor 
besides the above two.  
 
 
Figure 6. 7 The proton conductivity – temperature relation of the various membranes 
under 100% RH. 
 
Following the examination on the water uptake under various RH% (Fig. 6. 5), the 
three membranes revealed different rising trends of proton conductivity with the 
increase in temperature from 20 to 90 oC under constant 10% RH (Fig. 6. 8a). In such 
a chamber, the membranes captured just 6 to 9 wt % water at 20 oC and the bulk 
moisture levels would be lower than this range at higher temperatures. This test 
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demonstrated the impact of the bound acid groups as well as the structure of 
hydrophilic channel on transport of protons because the Grotthuss mechanism became 
subsidiary at such moisture level. The conductivity values though show the order of 
magnitude of -3 under 10% RH, the discrepancies of them tell  the capability of 
shipping protons by pendant acid groups, -SO3H and -CO2H. The N/s-HPS membrane 
presented the strongest capability of shipping protons through contact of spherical 
surface (Scheme 6. 2) because this two-dimensional mould is far more efficient than 
transport along tangled polymer chains. A similar test was conducted to collate the 
proton-conductivity decreasing profile with the measurement time under 10% RH and 
at 20 oC (Fig. 6. 8b). In this test, a fully hydrated membrane sample was employed at 
the beginning of test. The capability of deferring moisture evaporation as well as 
maintaining proton transport with decreasing of bulk humidity was assessed. Taking 
the conductivity values at 110 min as example, N/s-HPS held a conductivity of at 
least 5 times greater than N/c-HPS, while the Nafion membrane became almost non-
proton conductive. This sequence is consistent with that displayed in Fig. 6. 5, in 
which water-retention power originates from the content of freezable water (Table 6. 
1) since it reflects the impact of micro-environment, including size of cavity and the 
type of acid group the hydrophilic shell bears, on water-retention capability of the 




Figure 6. 8 Examination of water retention capability of the membranes under 10% 





Different from the proton conductivity measurement that reveals the structural effect 
on small proton flux, the electrochemical polarization curve of a single H2-PEMFC 
manifests the capability of the loaded membrane to sustain a larger stream of protons. 
Figure 6. 9 a displays the polarization curves of the four membranes including the 
commercial Nafion N-112 membrane at 20 oC without external humidification. The 
two composite membranes held higher cell voltages with the increase in current 
density than the two pristine Nafion membranes. It is considered that the differences 
in the water uptakes amid the membranes (at 20 oC in Table 6. 1) played the main role. 
The hydrophilic channels, constructed by the –SO3H groups of Nafion and either s-
HPS or c-HPS, can sustain higher proton flux than that of its pristine counterpart. 
With raising the single cell operation temperature to 70 oC (Fig. 6. 9b), the N/s-HPS 
membrane sustained the maximum power density of 525 mW/cm2, representing an 
increment of 106% against the utmost value of 255 mW/cm2 obtained at 20 oC. In 
contrast to this, the Nafion membrane achieved only an increment of 73 % through 
this temperature rise. As shown in the water-uptake/temperature measurement (Fig. 6. 
5a), these two membranes had about 11 wt% difference in water uptake at 70 oC, 
responsible for the different energy output. The other important factor is the different 
proton transport efficiency as observed in examining conductivity under 10% RH. 
The N-112 membrane also possessed a lower power density than that of the 
composite membranes, validating the impact of the above two factors that originates 





Figure 6. 9 Comparison of the polarization curves of H2-PEMFC loaded with the 










Two composite membranes were fabricated by incorporating hollow polymer spheres 
(HPS) with a hydrophilic shell bearing sulfonic (s-HPS) or carboxylic groups (c-HPS) 
into Nafion polymer matrix using the solution cast approach. The very low specific 
mass of HPS permits a high volume faction of HPS in the composite membranes on 
the basis of 0.5 wt% loading. The resulting composite membranes attained a 
combinatory hydrophilic channel comprising the pendant –SO3H groups of Nafion 
and hydrophilic HPS with the unperturbed perfluoropolymer phase. This combinatory 
hydrophilic channel functioned much more effectively than that in the native Nafion 
membranes in transporting protons in particular under low humidity conditions or at 
the medium temperatures (~70-100 oC). This improvement can be attributed to both 
strong water-retention capability and spherical-surface-sustained proton conduction 
path. Of the two types of hydrophilic HPS, the s-HPS worked more effectively than 
the c-HPS in augmenting proton transport on the basis of different water uptake 
extents and acidities. The influence of temperature (at 100% RH) and humidity (at 20 
oC) on proton conduction was investigated to demonstrate the water micro-reservoir 
role of the two HPS in the composite membranes. Both composite membranes, N/s-
HPS and N/c-HPS, offered obviously superior fuel cell performance over the 





CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS 
 
7.1 Conclusive remarks on my Ph.D work 
 
This thesis focuses on the fabrication and study of proton exchange polymer 
membranes (PEMs) that have high proton conductivity at elevated temperatures with 
less reliant on water. Four types of Nafion based composite membranes have been 
prepared through incorporating four unique nanofillers. All of these resulting 
composite membranes were characterized using pertinent instrumental methods with 
the aim to understand the fundamental interactions between filler and host matrix as 
well as the effects, generated due to formation of composite, on the proton conduction, 
electrochemical polarization in fuel cell, and colloidal/thermal properties. Of the 
preceding investigations, how a specified design alters the proton conducting channels 
so as to benefit a high flux of protons across membrane is the main issue to explore. It 
is anticipated that these fundamental studies offer useful knowledge for the future 
researches attempting to synthesize PEMs to meet requirements of high-performance 
PEMFCs. The main target of this thesis work is the augmenting of membrane capacity 
to sustain a higher proton flux, consequently a superior single cell performances over 
the native membranes. The important findings of this work are summarized as follows:  
 
(1) Oligomeric PPTA Nanoflakes (about 20nm) were prepared. A low dose of 
such nanoflakes in the Nafion matrix causes a reduction in glass transition 
temperature and an increase in storage modulus of membrane due to the adsorption of 
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Nafion molecules to PPTA nanoflakes. This matrix-softening phenomenon is 
attributed to the adsorption of Nafion molecules to PPTA nanoflakes, which makes 
the Nafion matrix become less hydrophilic. The contacts between the –SO3H groups 
of Nafion and PPTA nanoflakes constitute an alternative proton transfer channel that 
is less reliant on moisture levels. The 2% PPTA modified matrix sustains a power 
density of 450 mw/cm2 at 70oC in a dry gas operated single H2 PEM fuel cell (H2-
PEMFC), much greater than what a pristine Nafion and Nafion-112 membrane 
would confer. 
 
(2) The oligomeric POAc rigid rod having pendant acetyl groups was synthesized as 
the second type of filler. Since both the pendant acetyl groups and the conjugated pi-
system are acceptors of protons dissociated from the -SO3H groups of Nafion, the 
attachment of -SO3H groups to individual POAc oligomeric segments (or rods) 
generates an interface which acts as the primary proton transport channel. A specific 
pattern of the variation of glass transition temperatures of Nafion with an increase in 
POAc content supports the occurrence of physical crosslinking. It was supported by 
the variation of glass transition temperature of Nafion, the UV-vis spectroscopic study 
of diluted colloidal system, the morphology of composite matrix as well as the fusion 
behaviour of matrix-bound water. 1 wt% of POAc resulted in much enhanced storage 
modulus and greater proton conductivity and the dry-gas operated single H2-fuel cell 
evaluation shows that the composite membrane can sustain a higher power density 
(512 mW/cm2 at 70oC), much greater than that of the pristine Nafion membrane and 
such difference increases with rise of cell operation temperature.  
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(3) Highly porous carbon nanosphere highly porous sulfonated carbon nanospheres 
(sPCNs) were prepared and were then incorporated into Nafion polymer which 
generated a network from the cross-adsorption of Nafion molecules to carbon 
nanospheres. It was found that the presence of free Nafion molecules penetrating 
through the network is critical to proton transport. Such an adsorption-held semi-
interpenetrating network (sIPN) will be gradually converted to a random assembly of 
Nafion-wrapped sPCN granules upon raising the sPCN loading in the matrix of 
Nafion to 2 wt%. The highly porous scaffold of sPCN is essential to promote water-
capture and the proton transport at elevated temperatures. The composite membrane 
with 1 wt% sPCN loading could sustain a power-density of 571 mW/cm2 in a dry gas 
operated H2-PEMFC at 70oC, much greater than that of the pristine Nafion membrane. 
 
 (4) Finally, the hydrophilic hollow polyemric nanospheres (HPSs) carrying sulfonic 
acid groups or the carboxylic acid groups were. These HPSs are promising candidates 
because the hollow cavities act as micro water reservoir and the hydrophilic 
polymeric largely promotes proton hoping rate. With the exception of these two 
prominent effects, the adsorption of –SO3H groups of Nafion on HPSs also improved 
water preservation at elevated temperatures. The substantially low density of HPSs 
rendered HPSs a very high volume fraction. As a result, the composite matrix also 
contained HPSs free of adsorption, which contributed continuous proton transport 
channels. This chapter also studied the freezable bound water and free water in the 
composite matrix by using DSC. The trend observed is coherent with ion-exchange 
capacity, proton-conductivity, water retention capability and single H2-PEMFC power 
density. The best composite membrane permitted the proton flux that sustained an 
ultrahigh power density of 525 mW/cm2. 
 173 




In a summary, Nafion contaning 2% PPTA nanoflakes, 1% POAc rigid rod, 1% 
sPCNs and 0.5% HPSs showed higher proton conductivitites than Nafion under 
different humidity/temperature conditions. And they gave power densities of 450, 
512, 571 and 525 mW/cm2  at 70oC in a dry gas operated single H2PEMFC, 
respectively, being better than the non-modified casting Nafion or commercial N112 
membrane. To compare these four types of composite membranes, we can use Table 
7.1 where the preparation, dispersing and the performance were given. We can see 
that nanofillers sPCN and HPSs have very low yield and difficulties in dispersing, 
comparing to the other two fillers. PPTA and POAc, though providing lower power 
densities than the other two, were more reliable to produce and disperse in the Nafion 
system. Therefore composite membranes fabricated with these two nanofillers will be 
more promising in the future consideration.  






PPTA Easy (60-70% yield) Easy 2% 450 
POAc High cost, tedious post-
treatment (~50% yield) 
Easy 1% 512 
sPCN Easy but time consuming 




HPSs Time consuming with very 





7.2 Recommendations for future work 
 
On the basis of the above results of study, the following recommendations are 
considered for the further research. 
 
(1) We have prepared oligomeric P105 to modify the Nafion matrix. This rigid 
polymer showed a flake shape with size about 20nm when dispersing the P105 
solution (in conc. H2SO4) in water, due to the strong hydrogen bonding between the 
neighbouring polymer chains. In the future study, we may graft certain long “tail” 
onto the end amine goups of P105 or we can introduce side groups on the P105 
backbone so as to break the strong interaction between the polymer chains. The 
modified P105 may behave in other shapes such as the needle shape or other shapes. 
The Nafion-modified P105 composite system will be different from the one reported 
in chapter 3. The interaction between the modified P105 and Nafion matrix can be 
studied to compare with what we reported in the chapter 3 and therefore we may gain 
some fundamental understanding of the structure-property relationship.  
 
In the future study, the synthesis condition of PPTA can also be varied to get different 
PPTA products as shown in the chapter 3. For example, Nafion-2wt% P111 (with 
PPD: TA=1.1:1) composite membrane shown lower proton conductivity than that of 
Nafion-2%P105 membrane, but higher than all the other membranes (Figure 3.4). 
However, the other P111 contents in the Nafion system was not studied and can be 
done in the future work.   
 175 
(2) In chapter 4, we prepared poly(p-phenylene) and introduced side groups to 
produce POAc to act as nanofiller in the Nafion matrix. The acetyloxy side groups 
prevent the polymer from stacking and therefore POAc can dissolve in some organic 
solvent and be able to well disperse in Nafion matrix. Some other side groups can be 
introduced to explore the potential of modifing Nafion matrix. For example, sulfonic 
acid group can be introduced by using different monomer. It will be interesting to 
understand whether or not and to what magnitude this specific type of oligomeric 
particles could bring about to enhance proton transport of the resulting composite 
Nafion membranes. 
 
(3) In chapter 5, we choose porous carbon sphere (PCNs) with surface area of 
1300m2/g to modify the Nafion matrix. The PCNs were calcined at 900oC and having 
graphene layer on the surface of spheres. In the future study, we may calcine carbon 
sphere at different temperature and study whether the graphene layer have effect on 
the proton conduct in Nafion system. Carbon materials with other morphologies can 
also be tried, such as graphite or graphite oxide. Other than carbon materials, porous 
structure such as mesoporous silica and other types of inorganic oxides (e.g. TiO2
 
and 
ZrO2) may be employed. Further work should be done to characterize the influence of 
particle size, shape, and surface properties on fuel cell performance and 
physicochemical properties.  
 
(4) In our synthesis of hollow polymer nanosphers (HPSs), we have synthesized 
different polymer shell containing carboxylic acid groups or sulfonic acid groups, 
followed by etching of inner silica core. We may also consider other polymer 
structure. During the dispersion of the hollow spheres, some of the hollow sphere may 
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become broken due to the prolonged ultrasonication process. Therefore it is necessary 
to study the long time stability of the composite membranes as well as the degradation 
and corrosion of the composite membranes. The observation of the membrane 
structure retention over long term exposure to temeprature of other reagent such as 
Fenton’s reagent test, was suggested to do in the future work. We may also lower the 
size of the silica nanosphere to about 50nm so as to lower the size of the HPSs. 
Therefore it will be easier for the smaller HPSs to disperse in the Nafion system 
comparing with what reported in Chapter 6. The effect of temperature and water 
activity on mechanical properties, swelling due to water uptake should be further 
investigated. In the characterization part, we have studied the water uptake profile and 
water status. In the future study, the water release file should also be studied because 
a slower release of water will positively affect the proton transport. For example, we 
can study how the weight of the soaked membranes change with time under different 
humidity condition? The further study of the contributions of the freezing water and 
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